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Abstract

Adjusting for amount of smoking, women have a 50% increased risk of COPD compared
with men. It is not known what the anatomic basis/mechanism(s) of these sex-related differences
in COPD might be. The main objective of this study is to characterize the impact of female sex
hormones on chronic cigarette smoke-induced airway remodelling and emphysema in a murine
model of COPD. We showed here for the first time that smoke-induced COPD in female
compared to male mice have increased small airway remodelling, and may be biologically driven
by estrogen through down-regulation of antioxidant defences and activation of TGFp1 signalling,
resulting in increased expression of collagen matrix in the airway walls. These effects can be
ameliorated by ovariectomy before smoke exposure or use of the estrogen antagonist, tamoxifen,
during smoke exposure, suggesting that estrogen is involved in this process.

Using the flexiVent system to assess the functional relationship with the observed
structural changes, we showed evidence of cigarette smoke-induced lung abnormalities. Tissue
damping (G), and complex input resistance of the respiratory system (Zrs) at low oscillating
frequency were elevated in female compared to male mice after smoke exposure, and this effect
was attenuated after ovariectomy. Quasistatic pressure-volume curve revealed a decrease in
inspiratory capacity in female mice but not in male mice after smoke exposure, and this effect
was attenuated after ovariectomy. Chronic smoke exposure did not increase goblet cell
expression in the distal airways of all groups, suggesting that the increase in distal airway
resistance in smoke-exposed female mice is unlikely to be derived from luminal exudates.

Finally, using a human bronchial epithelial cell culture model in air liquid interface, we
showed that transfection with nuclear factor of activated T-cell (NFAT)cl or NFATc2 siRNA

blunted estrogen or progesterone-induced increase in MUC5AC mRNA expression, respectively.



Collectively, our data showed that estrogen may be involved in the excess risk for small
airways disease in a mouse model of COPD, and MUCS5AC expression is regulated by estrogen

and progesterone via NFATc1 and NFATc2 in normal human bronchial epithelial cells.
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Chapter 1: Introduction
1.1 Epidemiology on sex differences in COPD

Chronic obstructive pulmonary disease (COPD) is a silent but growing epidemic in both
men and women. More than 70% of COPD patients have a long standing history of cigarette
smoking, accounting for 5-15% of the population 45 years of age and older across the world.
More than 200 million individuals are affected by COPD and approximately 3 million die
annually, making COPD the fourth leading cause of death in the world. It has been projected that
by 2020, COPD will become the third leading cause of death, trailing behind ischemic heart
disease and stroke [1]. COPD has long been known to be a lung disease that is more prevalent in
men. Although cigarette smoking was rare among women in the early 20th century, the number
of female smokers started to increase soon after the creation of Virginia Slims that specifically
targeted women on their weight and body physique [2]. In 2000, the number of COPD deaths in
women has surpassed that of men for the first time [3]. The diverging death rates marked the
beginning of the rising COPD burden in women. The US National Institutes of Health (NIH) Act
required NIH-funded clinical studies the inclusion of female participants [4], as some
publications continued to neglect sex-based considerations and analyses [5, 6]. This is
particularly concerning because emerging clinical studies revealed that women may be
biologically more susceptible to the toxic effects from cigarette smoke, and have proposed that
circulating female sex hormones, estrogen in particular, may play an important role in these
processes [7-10].

The prevalence, morbidity, and mortality in COPD are increasing disproportionately in
women than in men [11]. Using histological data from the National Emphysema Treatment Trial

(NETT), Martinez and colleagues showed that women with severe COPD have thickened airway



walls but less severe emphysema than men [12], suggesting a sexual dimorphism in the
manifestation of these phenotypes. In a large meta-analysis, female smokers experienced a
greater decline in lung function compared to male smokers after 45 years of age [13, 14].
Women smoke fewer numbers of cigarettes per lifetime on average [15], have more symptoms,
greater risk of exacerbations [16] and are two to three times more likely to be hospitalized from
COPD complications compared to men [13]. According to data from the National Health
Interview Survey (NHIS), chronic bronchitis is also more prevalent in women than in men [17].
In line with these clinical data, several studies [13, 18-20] have also reported that women
may be biologically more vulnerable to cigarette smoke. These observations have prompted
much interest in studying the biological factors in explaining sex differences in cigarette smoke-
induced airways disease. The majority of the work in this thesis is based on chronic smoke-
induced airway remodelling in a mouse model of COPD, and the effect of estrogen and
progesterone on mucus synthesis in a human bronchial epithelial cell culture model. To begin,
we will describe the clinical and biological manifestations of the three important phenotypes of

COPD.

1.2 Phenotypes of COPD

COPD is characterized by progressive airflow limitation that is not fully reversible [21].
COPD is composed of three major clinical phenotypes: (1) emphysema, (2) chronic bronchitis,
and (3) small airways disease. Emphysema is a pathologic diagnosis, defined by abnormal
enlargement of airspaces distal to terminal bronchioles that is permanent and accompanied by
destruction of alveoli, resulting in a loss of lung elastic recoil pressure without obvious fibrosis,
and gas exchange abnormalities such as hypoxemia and hypercapnia [22]. In normal lungs,

expiration is passive. During expiration, the stored mechanical energy generated in the alveolar



walls propels air out of alveoli and into proximal airways. However, in emphysema, there is
premature closure of the small airways because of a loss in elastic recoil pressure and increased
lung compliance, which leads to overinflation, gas trapping, dynamic hyperinflation, and
expiratory flow limitation [23].

Mucus hypersecretion is a hallmark of chronic bronchitis, which is caused by mucus
gland hypertrophy and goblet cell metaplasia in the airway epithelium. Clinical phenotype of
chronic bronchitis is defined by a productive cough of at least 3 months for 2 consecutive years
[24]. Patients with chronic bronchitis account for approximately 50% of all smokers. Some have
normal lung function, whereas others have airflow limitation in the absence of mucus
hypersecretion, which makes chronic bronchitis a distinct phenotype of COPD. Mucus
hypersecretion is one the most prominent features in COPD, and mucus plugging of the airways
is the single most powerful histological predictor of mortality in severe COPD [25]. Two
primary functions of the airway epithelium are mucus production and mucociliary transport
where mucous cells and ciliated epithelial cells work in collaboration to trap and remove inhaled
foreign materials from the airways [26]. However, patients with chronic bronchitis have altered
airway mucus viscoelasticity properties and fluid lining properties, which impact the process of
normal ciliary clearance.

Small airway remodelling is another important cause of airflow limitation and a major
site of airflow resistance in patients with COPD that is not completely reversible [27]. The
concept of smoke-induced airway remodelling was first established in the 1960s when Hogg and
colleagues found that the distending pressure of the lungs was not associated with lung
resistance, suggesting that it was the abnormalities of the airways rather than the parenchyma

that was responsible for the increase in airflow resistance in emphysematous lungs [27].



Histologic findings revealed an increase in volume fraction of adventitia, lamina propria and
smooth muscles in the sub-epithelial walls of the small airways (< 2mm in diameter) by 50% in
moderate to severe COPD patients [28]. This observation positively correlated with disease
severity and negatively with force expiratory volume in 1s (FEV1) [28]. Several independent
studies revealed that female smokers have an accelerated decline in lung function than men after
controlling for pack years of smoking [13, 29]. In healthy subjects, studies showed that women
have significantly reduced cross-sectional area by 29%, and narrower conducting airways
compared to men [30, 31]. Using lung tissue obtained at lung volume reduction surgery,
Martinez and colleagues have shown that women with severe COPD have smaller airway lumen
and disproportionately thicker airway walls compared to those men [12]. These data suggest that
women may naturally be at increased risk for cigarette smoke-related airflow limitations. A vast
majority of the literature has studied the pathogenesis of emphysema, while smoke-derived
mechanism on small airway remodelling has received less attention.

The majority of the work in this thesis will explore the biological mechanism on sex

differences in chronic smoke-induced airway remodelling in a mouse model of COPD.

1.3 Structure and function of the respiratory system

The respiratory system is generally divided into two major zones: 1) the conducting zone
and 2) the respiratory zone. The conducting zone includes the trachea, bronchi, bronchioles and
terminal bronchioles, whereas the respiratory zone consists of the respiratory bronchioles,
alveolar ducts and alveolar sacs. The human lung is a dichotomous branching system that
consists of approximately 23 airway generations. Each generation refers to a branch point that
bifurcates into smaller but roughly equal luminal cross-sectional area within each airway

generation before reaching the terminal alveoli where the site of gas exchange occurs. As the



number of airway branches exponentially increases, the total cross-sectional area also increases.
According to Bernoullie's Principle, airway resistance is proportional to the inverse of the radius
to the fourth power. In normal lungs, the total airway resistance measured at each generation
decreases exponentially with increasing airway bifurcations. However, in the lungs of COPD
patients, airway resistance increases. Increases in airway resistance may be a composite of
various factors including airway wall remodelling accompanied by reductions in luminal area,

mucus secretion and inflammatory exudates.

1.4 Clinical measurement of lung function

Spirometry is a physiological test that measures the flow of air in and out of the lungs
over time. This is an invaluable tool for clinician to detect lung abnormalities. A normal set of
lungs contains on average 6L of air and the lung volumes can be divided into several
compartments as indicated in a schematic diagram in figure 1.1. In normal resting lungs, the
function residual capacity (FRC) is centered at approximately 50% predicted total lung capacity
(TLC) [32]. After a normal tidal inspiration, the lungs tend to return to a resting volume termed
the functional residual capacity (FRC). When performing a lung function test, our lungs inflate to
total lung capacity (TLC), followed by maximal exhalation; this volume of air is termed vital
capacity (VC). In the detection for airflow obstruction, the two most important clinical
parameters are forced expiratory in the first second (FEV1) and forced vital capacity (FVC). The
presence of a post-bronchodilator FEV1/FVC ratio < 0.70 confirms the presence of airflow
limitation in the lungs of patients with COPD [33], however, this fixed ratio may "over-

diagnose” some elderly subjects as lung function naturally declines with aging [34].
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Figure 1.1: Lung volume compartments

Our lungs can be divided into unique compartments including tidal volume (V7), inspiratory and
expiratory reserve volume (IRV, ERV), residual volume (RV), vital capacity (VC), inspiratory
capacity (IC), functional residual capacity (FRC), and total lung capacity (TLC). In emphysema
patients with dynamic hyperinflation, RV, FRC and TLC increase as a functional consequence of
reduced elastic recoil pressure.

Some degree of hyperinflation in the lungs is usually present in patients with COPD.
Hyperinflation is characterized by elevated levels of FRC and RV from normal resting values
[32]. Both static and dynamic rhythm of breathing contributes to hyperinflation in patients with
COPD. Static hyperinflation results from reduced elasticity of the lung parenchyma associated
with destruction of the alveoli units and connective tissues that tether the airways open during
exhalation. The reduction in lung recoil alters the relationship between lung volume and

distending pressure in a typical pressure volume loop; thus requiring a greater volume (FRC) to

balance the recoil pressure of the chest wall [35].



Dynamic hyperinflation occurs when the subject begins to inhale before complete
exhalation from the previous breath. Consequently, air traps within the lungs with successive
breaths, resulting in elevation in FRC. Although FEV1/FVC is the gold standard in detecting
airflow obstruction, it does not provide measurable evidence of hyperinflation in patients in
COPD. Other groups have shown that hyperinflation expressed as RV/TLC or IC/TLC to be

important predictors of COPD mortality [36, 37].

1.5  Animal model of COPD

Much of our understandings on the functional physiology in respiratory diseases were
derived from animal models such as guinea pigs, pigs, rabbits, dogs, rats and mice. Although
some believe that animal models do not completely reflect human diseases, Morissette and
colleagues demonstrated greater similarities in transcriptomic response in lungs of human and
mice exposd to cigarette smoke at the pathway and functional levels rather than the single gene
level [38], suggesting that the use of a more integrative approach is essential in improving the
translational potential.

To study the pathogenesis of COPD, it is important to have an animal model that
possesses some degree of lung-architectural and mechanical homology, such that chronic smoke
exposure can recapitulate emphysematous-like lesion, small airway remodelling and chronic
bronchitis. Mice have been widely used to model the pathogenesis of diseases because of their
well-understood immunologic system, a large repertoire of antibodies and reagents, short
reproductive cycle, fully-sequenced genome, and well-developed transgenic technology [39, 40].
Mice have been shown to reproduce emphysematous-like lesion and small airway remodelling
after 6 months of daily cigarette smoke exposure [41-44]. Genetic modification via over-

expression or knockout of particular gene has provided important advances in the understanding



of the pathogenesis of COPD. For examples, genetic deficiency in MMP12 [45], neutrophil
elastase (NE) [46], ILIR and TNFR [47] were partially or completely protective from chronic
smoke-induced emphysema in murine models of COPD. Despite advantages in the use of mice
as a model of COPD, it is important to point out several limitations as there is no perfect model
of COPD. Genetic deficiency or constitutive over-expression of a particular gene can interfere
with proper lung development, which may be misinterpreted as emphysema. One such example
is ERa and ERP knockout mice, which result in abnormal numbers of alveoli per surface area
and elastic tissue recoil pressure in the lungs [48, 49]. To overcome problems associated with
developmental effects, researchers have elegantly produced an inducible model where animals
are fed with doxycycline, which drives the gene of interest with a lung-specific promoter in
mature animals. However, there may be small amounts of "leakage" of the transgene even in the
absence of doxycycline and that the expression of the reverse tetracycline-transactivator gene can
cause airspace enlargement in mice [50]. Doxycycline may also present potential off target
effects because it is a matrix metalloproteinase inhibitor that inhibits MMP2 and MMP9, which
are thought to be involved in COPD pathogenesis [51].

Unlike human, rodents have less extensive airway branching [52] and near absence of
membranous and respiratory bronchioles, and yet the targets of smoke-induced small airway
remodelling and emphysema are believed to occur at the membranous and respiratory
bronchioles [53]. The production of emphysema and airway remodelling requires many months
(usually on the order of 6 months), which presents a considerable amount of time and cost.
Regardless of the species and how long the animals are exposed to cigarette smoke, the disease
they produce is usually mild and is probably equivalent to human GOLD stage 1 or 2 [54]. The

majority of morbidity and mortality occurs in patients with more severe form of COPD, and



these types of severe emphysema and small airway remodelling simply cannot be reproduced in
mice after chronic smoke exposure. Furthermore, COPD frequently progresses even after
smoking cessation in human, whereas cessation of smoke exposure in mice results in
stabilization of emphysema [55]. Furthermore, mice do not develop considerable goblet cell
metaplasia after smoke exposure because of the absence of submucosal glands in the airways

with the except in the first few airway generations [53].

1.6 Lung function measurements in murine models

To demonstrate whether certain histological changes in a mouse produce any function
changes in the distal airways, we can use the FlexiVent system to measure lung mechanics.
Although this method is invasive and terminal, the FlexiVent system offers the greatest degree of
accuracy, specificity and reproducibility because the breathing frequency, tidal volume and the
volume history are under fixed experimental conditions [56]. After mice are connected to the
mechanical ventilation via tracheostomy, a series of manoeuvres are applied on the lungs to
obtain volume, pressure and flow measurements. Complex mathematical formulas are used to
model different aspects of lung mechanics but will not be discussed because this is beyond the
scope of this thesis. Instead, we will discuss the meaning and function of each manoeuvres with
respect to lung mechanics.

The total lung capacity (TLC) in mice is approximately 1ml compared to 6000ml in an
average human being. To obtain accurate measurement of IC from FRC in mice, the lungs are
slowly inflated from a positive end-expiratory pressure (PEEP) of 3cmH,O to 30cmH,0O by
convention to model "physiologic” TLC. The simplest model of lung mechanic is a single
compartment model consisting of a single elastic balloon with elastance (E) connected to a single

airway and ventilated at a single breathing frequency [57]. When a single frequency forced



oscillation manoeuvre is applied on the lungs, the resulting pressure, flow and volume signals are
fitted to a single compartment model using linear regression to assess the level of constriction or
resistive behavior (R-resistance), elastic rigidity or the stiffness (E-elastance) and C-compliance
of the total respiratory system. Given the heterogeneity of lung abnormalities such as COPD,
values obtained from the single compartment model does not provide the exact source of airflow
limitation. Therefore, a broadband forced oscillation manoeuvre containing a range of
frequencies below and above the subject's breathing frequency to partition the respiratory
mechanics into Newtonian resistance (Rn), tissue damping (G) and tissue elastance (H). Rn
represents the resistance of the central airways, whereas G is a measure of the degree to which
energy is dissipated in the respiratory tissue as lung volume increases and decreases. Similarly, H
is a measure of the elastic stiffness of the tissues that opposes expansion as lung volume
increases.

Furthermore, to improve the approximation of the location of lung abnormalities, a
broad-spectrum oscillation of pseudorandom frequencies (1.0 - 20.5 Hz) can be applied on the
lungs, and the data generated from pressure, flow and volume are computed by Fourier
transformation with ratios generating the real and imaginary parts of respiratory impedance
(Zrs). The real part of the Zrs measures the resistance of the respiratory system at each
frequency, whereas the imaginary part of Zrs reflects the respiratory compliance below 20.5Hz
in a mouse [57]. The higher frequencies are influenced by large and central airways, whereas
lower frequencies are heavily influenced by small airways and parenchymal tissue [58]. This
mechanical behaviour in a homogeneous model was previously described using a single airway
coupling to a Kelvin body, which consists of two springs and a dashpot to account for the

viscoelastic behavior of the lung [57]. At low oscillating frequency, the dashpot is given enough
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time to move under the influence of the spring attached to it. As the spring becomes stretched, its
exerts a force on the dashpot, which in turn dissipates this energy by sliding toward the force in
order to eliminate this; and thus, the tissues exhibit resistance. In contrast, at high oscillating
frequency, the dashpot is not given enough time to dissipate this energy; therefore, as frequency
increases, tissue resistance diminishes to zero and this resistance essentially reflects those of the
central airways.

After a brief understanding of the pulmonary physiology, we will next explore the
structure and biology of the airway mucosa that coat the lumen of the airways as these are the

primary line of defence against the environmental insults including cigarette smoke.

1.7  Structure of airway mucosa

The airway epithelium is the first line of defence in protecting our lungs from small
particles in the air such as dust, cigarette smoke and pathogens from the trachea to the alveoli.
The airway epithelium is a pseudo-stratified layer that is composed of specialized cells such as
ciliated, mucous, basal, and club cells in the bronchial epithelium (Figure 1.2). The airway
epithelium is in dynamic equilibrium between mucus production and mucociliary clearance,
which is one of the most important features in maintaining normal airway function. However, in
patients with COPD, mucus cell hyperplasia (cellular division) and metaplasia (trans-
differentiation) can contribute to excessive sputum production [59]. Excess mucus production by
the airway epithelium can overwhelm the normal mucociliary clearance mechanism and lead to

partial or complete plugging of the airways, which can lead to morbidity and mortality [60].
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Figure 1.2: Cellular composition in the human airway muscosa.

The airway mucosa consists of a layer of pseudostratified epithelium containing basal cells,
goblet cells, and ciliated cells, all of which sit on a dense layer of extracellular matrix protein
called the basement membrane. A thin sheet of mucus layer produced by goblet cells lies on the
apical cell compartment that traps and removes particles that enter our lungs. Fibroblasts and
smooth muscle cells are found in the sub-epithelial compartment bathed in extracellular matrix
(ECM). In a diseased epithelium, an increase in goblet cells and mucus secretion alters the

efficiency of the mucociliary transport system. Sub-epithelial thickness increases as the ECM
protein synthesis increases.
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1.7.1 Airway epithelium

Basal cells - Basal cells (BCs) account for approximately 31% and 6% of airway epithelial cells
in the large and small airways, respectively [61]. They are relatively undifferentiated and
characteristically express transcription factor Trp-63 (p63) and cytokeratins 5 and 14 (Krt5/14)
[62]. BCs have sparse electron-dense cytoplasm and appear to be the only cells that express
hemidesmosomes, which are firmly attached to the basement membrane via integrins (a634)
[63]. In rodents, BCs are populated among ciliated and secretory cells in the trachea [64],
whereas BCs in the human lungs are present throughout the airways including the bronchioles
[62]. There is a positive correlation between the number of basal cells attached to the basement
membrane and airway size [65, 66]. BCs are relatively undifferentiated and possess stem cell-
like properties that can give rise to secretory and ciliated epithelial cells in response to epithelial

injury [67].

Club cells - In humans, Club cells contain electron-dense granules and are found in the small
airways [66]. The regulation of the activity of potentially harmful proteinases secreted by
neutrophils during inflammation is important for the prevention of excessive tissue damage [68].
To regulate bronchiolar epithelial integrity and immunity, Club cells have been shown to
produce bronchiolar surfactants and specific antiproteases such as secretory leukocyte protease
inhibitor [69]. In addition, Club cells can produce p450 mono-oxygenases [69], which are able to
metabolize xenobiotic compounds such as aromatic hydrocarbons, which are found in cigarette
smoke. Recent evidence has suggested that these cells may also possess important stem cell

potential and may act as progenitors for both ciliated and mucus-secreting cells [70].
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Columnar ciliated epithelial cells - Ciliated epithelial cells account for over 50% of all
epithelial cells within the human airways [71] and characteristically express an f-box
transcription factor (Foxjl), which is involved in the synthesis of cilia precursor proteins [72].
They are believed to be terminally differentiated cells that arise from either basal or secretory
cells [73]. Typically, these cells possess up to 300 cilia per cell and a large number of
mitochondria are found immediately beneath the apical surface, which are responsible for
providing energy to the cilia for mucous clearance up and out of the airways via co-ordinated

ciliary beating [74].

Mucus-producing cells - Mucus cells, also known as goblet cells, are defined by electron-lucent
acidic-mucin granules that secrete mucus into airway lumen to trap foreign objects such as
pathogens and dust particles [75]. In normal human trachea, it is estimated that there are up to
6800 mucous-secreting cells / mm? of surface epithelium [59]. As the predominant form of
mucin in the human airway, MUC5AC is produced mainly in goblet cells in the surface
epithelium, while MUCS5B is produced mainly by submucosal glands located below the airway
epithelium [76]. MUCS5AC may be an acute response mucin responding directly to
environmental insults, whereas MUC5B may play a more prominent role in responding to
chronic infection and inflammation [77]. The mucus layer present in the airway from the level of
the trachea to the bronchioles consists of a mixture of highly glycosylated mucin proteins.
Mucins that are present in goblet cells are among the largest molecules in nature with a mass of
up to 2-40MDa [78]. The mucin protein backbone accounts for ~20% of its weight, whereas the
remaining 80% of the structure are carbohydrate [79]. These oligosaccharide side chains are

linked to serine and threonine residues via O-glycosidic bonds, which are presented in linear or
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branched moieties with varying length (2-20 monosaccharides long). Mucins confer a
polyanionic character owing largely to the presence of sulphate and sialic acid. Mucus
condensation is characterized by tightly packing of mucins that is accompanied by high
concentration of calcium ions, which acts to neutralize the repulsive forces of the anionic
property of mucins [79]. Secretion of mucins opens up the lipid bilayer between the intragranular
space and the extracellular space, thereby, permitting the influx of water and the efflux of

calcium ions for rapid expansion of the tightly packed mucins within tens of milliseconds [79].

1.7.2 Mucociliary clearance and regulation of air surface liquid

Two primary functions of the airway epithelium are mucus production and mucociliary
transport where mucus cells and ciliated epithelial cells work in collaboration to trap and remove
inhaled foreign materials from the airways [26]. According to the mucuciliary transport model
proposed by Yates et al. in 1980 [80], a visco-elastic layer of mucus floats on the periciliary
layer tethered to the apical cell surface by mucins 1, 4 and 16 and glycolipids [81]. Hydration of
the apical epithelial surface has been shown to be regulated by the release, metabolism and
retention of nucleotides on airway surfaces [82]. The mucus layer acts as a fluid reservoir by
accepting or donating liquid to maintain normal air surface liquid (ASL) level that approximates
the height of the outstretched cilia (6-7um) [83]. To ensure correct mucus movement in the
airway, cilia beat in a highly co-ordinated fashion. During the effective stroke, the ciliary tips
penetrate into the mucus layer, and during the recovery stroke, they withdraw from this layer
[80]. Reverdin et al. have demonstrated the presence of actin in the basal body region of ciliated
cells in rat trachea [84], suggesting that this contractile protein may participate in the ciliary
movement and in the coordination of the ciliary beat. Cilia are anchored to the apical surface of

ciliated cells via specialized structures known as basal bodies The presence of claw-like
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structures on the cilia have been suggested to serve as a special anchorage device for pushing the
entrapped particulate matter on the mucus sheet towards the pharynx [85].

Despite normal ciliary function, mucociliary clearance may be compromised if mucus is
not adequately hydrated. The lung fluid lining is an aqueous lining that consists of two distinct
components: the mucus layer and the periciliary liquid layer [86]. The respiratory fluid lining is a
thin layer of aqueous fluid at the interface between the airway epithelium and the air space. This
liquid component contains ions, glycoproteins such as mucins, and antimicrobial proteins such as
lactoferrin, defensins, lysozyme, IgA, surfactant proteins and secretory leukoprotease inhibitor,
which provides a suitable chemical environment and physical barrier for mucociliary clearance,
bacterial killing and epithelial homeostasis. Regulation of airway surface liquid is critical in
maintaining normal airway function. In normal airways, the cystic fibrosis transmembrane
conductance regulator (CFTR) and the epithelial Na* channel (ENaC) (that coexist in the apical
plasma membrane of airway epithelial cells with Ca*-activated chloride channel (CaCC),
outwardly rectifying CI" channel (ORCC), and CI" channel 2 (CLC2)) are fully functional [87].
The combination of CI” secretion and reduced Na" reabsorption favors a healthy ion composition
and depth of airway surface liquid, which enables effective ciliary beat for proper mucociliary
clearance [87]. In chronic airway diseases such as cystic fibrosis, CFTR is absent or
dysfunctional and ENaC is no longer regulated, leading to hyperabsorption of Na* and an
increased driving force for fluid reabsorption [87]. The airway surface liquid depth is reduced,
the mucosal glands are hypertrophied and excessive mucus is secreted. The excessive production
of viscous mucus impairs mucociliary clearance, resulting in airflow obstruction and bacterial

colonization of the lungs [87].
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1.7.3 Airway wall

Beneath the airway epithelium lies the sub-epithelial compartments containing
fibroblasts, smooth muscles and extracellular matrix protein. The dense basement membrane of
extracellular matrix (ECM) molecules beneath the airway epithelium has several important roles
in maintaining epithelial integrity: (i) it acts as an anchor facilitating adhesion of epithelial cells;
(ii) it establishes and maintains correct cellular polarity, (iii) it acts as a barrier between the
surface epithelium and the underlying mesenchymal compartment, and (iv) it provides essential
survival signals to the epithelium [88-90]. The upper layer of the basement membrane, the
lamina densa, consists of type IV collagen and laminin (predominantly type V) secreted by
epithelial cells [66] (Figure 2.2). The lower lamina reticularis layer consists of type Il and V
collagen and fibronectin and is synthesized by subepithelial fibroblasts [91]. The interstitium is
composed of two main types of fibroblast; the first is associated with fibrous connective tissues
and is oriented parallel to the epithelium, whereas the second type is a myofibroblast that is
perpendicular to the epithelium [92] and can generate high levels of contractile forces [93, 94].
Myofibroblasts express higher levels of myosin light chain kinase that naive fibroblasts [95].
There are two major populations of pulmonary fibroblasts: Thyl (+) and Thyl (-). Thy-1 (CD90)
is a membrane-bound glycoprotein expressed on the outer leaflet of the lipid bilayer on human
fibroblasts, neurons, blood stem cells, endothelial cells and T-cells [96-99]. A loss of Thyl in
fibroblasts exhibits profibrotic phenotype with increased proliferative capacity and stronger
contraction on collagen gels compared to Thyl (+) fibroblasts [100]. The increase in contractility
in myofibroblasts has been shown to be associated with TGFB-mediated increase in alpha
smooth muscle actin (a-SMA), suggesting that o-SMA is a marker of myofibroblast

differentiation from naive fibroblasts [101].
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Similar to myofibroblasts, a-SMA is also a marker of airway smooth muscle cells (ASM)
[102]. Extending beyond the action of bronchoconstriction and relaxation, ASM is a rich source
of cytokine, extracellular matrix protein, matrix metalloproteinases (MMPs) and growth factors
[103]. Hogg and colleagues have identified that the smooth muscle thickness is increased by
approximately 50% in the small airways of COPD patients at GOLD stage 3-4 [28], suggesting
the contribution of ASM in airway remodelling and airway flow limitation. ASM is capable of
producing IL-6 and -8 (a potent neutrophil chemoattractant); monocyte chemotatic protein -1, -2,
and -3, and granulocyte-macrophage colony-stimulating factor [104, 105]. The presence of
surrounding extracellular matrix can influence ASM function such as proliferation and apoptosis
[106]. For example, the presence of fibronectin and collagen-1 can increase mitogen-induced
proliferation compared to ASM grown on plastic [107]. N-acetylcysteine significantly reduces
cigarette smoke extract-induced increase in cellular proliferation (cycline E and PCNA) on
bovine tracheal smooth muscles [108]. Interaction of surface integrins a5 and B2 on the ASM
and collagen 1V/V, laminin and fibronectin provide important antiapoptotic signals to the ASM
[109]. However, the secretion of serine proteases from neutrophils such as neutrophil elastase
can degrade and disrupt the interaction between surface integrins on ASM and fibronectin,
thereby, leading to apoptosis of ASM [110].

Large epidemiologic studies revealed that female patients with asthma, COPD, and CF
generally have more symptoms and poorer prognosis than male patients [111, 112]. However,
the exact biological mechanism for the sexual dimorphism in chronic lung diseases and whether
female sex hormones contribute to disease pathogenesis are largely unknown. In the next section,

we will describe more closely the relevance of female sex hormones in the mammalian lungs.
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1.8 Properties of female sex hormones

1.8.1 Sex hormone receptors: lung physiology

For many years, we have known that estrogen and progesterone receptors are responsible
for sexual development [113] but their effect beyond the reproductive system is becoming
increasingly recognized. There are two types of estrogen receptors (ER) and two types of
progesterone receptors (PR): ER-a, ER-B, PR-A and PR-B, all of which are expressed in rats
[114], mouse [115], and humans [116]. While androgen receptor (AR) is expressed primarily in
mammalian reproductive tissues [117], ER-a, ER-B, PR-A and PR-B expression have been noted
in mammalian female and male reproductive tracts, female mammary glands, bone, the
cardiovascular tissues, lung, and the brain [118] [113]. In the lungs, the expression of ER-B
protein is twice as that of ER-a [119]. Most of the expression is found in the cytoplasm but
minor expression has also been noted in the mitochondria and nucleus [119]. ER-a and ER-
belong to a super-family of nuclear hormone receptors, many of which are ligand-activated
transcription factors that regulate gene expression by binding to the promoter region of genes
[113]. These receptors contain an N-terminal DNA binding domain and a C-terminal ligand
binding domain (LBD) for estrogen [113].

Accumulating data suggest that mammalian lung development is regulated by sex
hormones before and during the neonatal period. Studies in mice in which ER-o and ER-3 were
deleted revealed that both types of ER are required for the formation of complete alveolar units
in females. ER-a ensures that the lungs differentiate properly during development, leading to
normal numbers of alveoli per surface area. ER-f, on the other hand, modulates the development

of extracellular matrix, leading to normal elastic tissue recoil pressure in the lungs [48, 49]. In
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human, The presence of estrogen accelerates alveolar maturation in female neonates with the
production of lung surfactants compared to male neonates [120]. The delay in lung maturation in
male neonates can be partially explained by an inhibitory effect of androgen on epidermal
growth factor and transforming growth factor-p (TGF-B) [121]. The early appearance of lung
surfactant in females may partially explain the higher airflow rate and lower airway resistance
than in male neonatal lungs [122]. On average, the female lungs are smaller and lighter than
those of males and contain few respiratory bronchioles at birth [123]. The number of alveoli per
unit area and alveolar volume do not differ between boys and girls, but boys have larger lungs
than girls [123].

Steroid hormones are primarily synthesized in the gonads, adrenal glands, and the feto-
placental unit [124]. Cholesterol is the common precursor of all sex hormones where it is first
converted to pregnenolone by P450-linked side chain cleaving enzyme (P450ssc). Pregnenolone
is then converted to progesterone, which is used to synthesize androgens and estrogens [125].
Estrogens are derived from androgens by the addition of an aromatic A ring, through a reaction
that is catalyzed by the enzyme aromatase [125, 126]. Estrogen and progesterone are multi-
ringed structures with distinct functional groups. Unlike progesterone, there are three major
naturally occurring estrogens in women: 1) estriol, 2) estradiol, and 3) estrone. In humans, estriol
is the predominant estrogen in pregnant women, while estradiol is the predominant form in the
non-pregnant premenopausal women and estrone is the predominant estrogen in the menopausal
females. Sex hormones act via their own unique receptors: estrogen receptor (ER-ao or ER-B),
progesterone receptor (PR-A or PR-B), and an androgen receptor (AR) [127]. Estradiol binds
with a higher affinity to ER than its metabolic products such as estrone and estriol [128]. All sex

hormone receptors have been shown to be expressed in lung tissues [118, 129].
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1.8.2 Sex hormones and menstrual cycle

Four main hormones characterize the menstrual cycle: estradiol, progesterone, luteinizing
hormone, and follicle stimulating hormone. On average, the menstrual cycle is 28 days and is
divided in two phases: the follicular (Day 1-13) and the luteal phase (Day 14-28). The onset of
ovulation is defined by a surge in estradiol on day 14. Menstruation and the late luteal phase are
characterized by low serum levels of estradiol (~0.15nM) and progesterone (~9.54-31.81nM);
whereas ovulation is marked by high circulating levels of estradiol (~0.37-1.47nM) and low
levels of progesterone (~0.95-9.54nM) (Tablel.1). During the luteal phase, estradiol levels range
from 0.15-0.92nM, whereas progesterone levels increase from 9.54-31.81nM and drop back to
lower levels prior to menstruation. However during menopause, estradiol and progesterone levels

are significantly reduced to levels below those in the menstruation phase.

Table 1.1: Female hormone levels throughout the menstrual cycle

Phases 17p-estradiol (nM) Progesterone (nM)

Day 1-13 (follicular) ~0.15-0.37 (40-100pg/ml) ~0.95 (300pg/mil)

Day 14 (Ovulation) ~0.37-1.47 (100-400 pg/ml) ~0.95-9.54 (300-3000pg/ml)

Day 15-28 (luteal) ~0.15-0.92 (40-250pg/ml) ~9.54-31.81 (3000-10,000pg/ml)
1.8.3 Delivery of sex hormones to target tissues

Sex hormone binding globulin (SHBG) is an important steroid hormone binding protein
in human plasma and regulates sex hormone delivery to tissues and cells [130]. Plasma SHBG is
produced primarily in hepatocytes, which is a glycosylated isoform of SHBG [131] and is
produced by the Sertoli cells [132]. In biological fluids, SHBG exists as a homodimer with a

separate steroid-binding pocket and a calcium-binding site in each monomer [133] and binds to

21




both androgens and estradiol with nanomolar affinities [134]. In normal men and women,
between 40-65% of circulating testosterone and between 20-40% of circulating estradiol is
bound to SHBG [135]. SHBG regulates tissue delivery of sex hormones by binding them and
retaining them in the circulatory pool, where they are relatively inert. However, once the sex
hormones dissociate from SHBG, they can escape the bloodstream, and bind with the
intracellular androgen or estrogen receptors, causing changes in gene expression of cells [130]. It

is thus generally accepted that only the unbound hormone is biologically active [136].

1.84 Sex hormone receptor activation

The exact mechanism by which estrogen modulates cell signalling pathways is not
completely known and there may be multiple cell signalling pathways by which sex hormones
affect gene regulation and expression. According to the free hormone hypothesis, unbound sex
hormones freely diffuse across cell surface membranes [136]. Binding of estrogen to the ligand
binding domain of the ER causes a conformational change in the receptor, which results in
dimerization of ER and translocation to the nucleus [113]. The activated receptor/DNA complex
then binds to specific promoter sequences of DNA called hormone response elements (HRES)
and recruits other cofactors to the nucleus, which results in transcription of DNA downstream
from the HRE [113]. An alternate hypothesis suggests that even estrogens bound to SHBG are
metabolically active. It is now well recognized that sex hormones target tissues containing
membrane-binding sites that can bind with SHBG [137]. In prostate [138] and breast cancer
cells, it has been shown that by binding to this site, SHBG triggers cAMP-dependent signalling
causing upregulation of adenyl cyclase and other downstream signalling molecules. It is

important to note that these data were generated in vitro using isolated epithelial cells and not in
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the context of these cells in vivo. Thus, the exact cell signalling pathway of sex hormones is

incompletely known.

1.9  Effects of cigarette smoke on the airway mucosa

1.9.1 Cigarette smoke and oxidant/antioxidant imbalance

Cigarette smoking is an important cause of COPD. Cigarette smoke (CS) exists as a
gaseous and a particulate phase, producing more than 4,000 chemicals and more than 10™
reactive oxygen species per puff. CS consists of side-stream and main-stream smoke. Side-
stream smoke is produced by the tips of cigarettes, while main-stream smoke is produced by
inhaling the mouth end of the cigarettes [139]. The gaseous phase is composed predominantly of
carbon monoxide, ammonia, dimethylnitrosamine, formaldehyde, hydrogen cyanide and
acrolein. The main components of the particulate phase are nicotine, tar, and aromatic
hydrocarbons including benzene, bezo(a)pyrene (BP) and napthalene. In the next following
sections, we will explore how these toxic gases from the combustion of cigarette give rise to

airway remodelling and dysregulation of pulmonary function in the mammalian lungs.

1.9.2 Xenobiotic metabolism

After inhalation, these chemicals are initially metabolized by Phase | enzymes and
conjugated by Phase Il enzymes. Phase | reaction is largely mediated by cytochrome P450
(CYP) enzymes, which is a family of xenobiotic enzymes that are responsible for hydroxylation
of aromatic hydrocarbons into intermediate metabolites. Transcription of these CYP genes is
controlled by ligand-mediated activation of aromatic hydrocarbon receptors (AHR) that bind on
target genes containing xenobiotic response elements (XRE). These intermediate metabolites are

in turn conjugated by Phase Il enzymes, the rate-limiting step reaction in most cases, and
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excreted out of the body. Because some intermediate metabolites may be more toxic than their
parent constituents, lungs may suffer oxidant damage through a process called bioactivation
unless there is excellent co-ordination of Phase | and Phase Il enzymes. Reactive oxygen species
(ROS) can be generated exogenously as by-products from the combustion of cigarettes, and
endogenously from activated macrophages and neutrophils [140]. ROS such as superoxide can
react with nitric oxide to produce a highly reactive substance called peroxynitrite. Protein
nitrosylation by peroxynitrite can form 3-nitrotyrosine that can render antioxidant enzyme
catalase inactive [141]. Long-lived semiquinone radicals present in the tar phase of cigarette
smoke can react with superoxide to form hydroxyl radical and hydrogen peroxide [142].
Although catalase and superoxide dismutase can metabolize hydrogen peroxide and superoxide,
respectively, over-production of these products can overwhelm the antioxidant system and result
in a build up of oxidative stress.

A variety of animal models have been used to examine potential sex-related differences
in the risk of oxidant-related lung diseases. For instance, Van Winkle et al. showed that the lungs
of female mice were more susceptible to naphthalene, a prominent component of side stream
cigarette smoke, compared to male mice [143]. Female lungs of rats had higher expression of
CYP enzymes and demonstrated increased accumulation of potent oxidant intermediates from
naphthalene metabolites [144]. Some of these xenobiotic enzymes also contain estrogen-
responsive elements, which may be additive upon cigarette smoke exposure in female biological
system [145]. For example, estradiol can up-regulate CYP enzymes without necessarily altering
the expression of Phase Il enzymes, making the female lungs more susceptible to oxidant
damage in response to cigarette smoke. Interestingly, in humans, the two CYP enzymes that are

up-regulated by cigarette smoke are CYP1A1 and CYP1B1, which are regulated by ER-a [145].
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Smokers smoking an average of 10.7 cigarettes/day has a saliva cotinine level of 113ng/ml, and
for the same number of cigarettes smoked per day, saliva cotinine level is greater in men than in
women [146], suggesting that women have acceleration metabolism of cotinine. This was
confirmed by Benowitz and colleagues that normal healthy women intravenously infused with
deuterium-labeled nicotine and cotinine had faster clearance of both nicotine and cotinine, and
greater conversion of nicotine to cotinine [147]. Interestingly, women on estrogen-only birth
control pill had greater ratio of hydroxycotinine to cotinine than women not on any hormonal

supplements [147].

1.9.3 Oxidative stress and airway remodelling

Oxidative stress has been shown to be important in the pathogenesis of COPD, but the
precise mechanism by which this occurs is not clearly known [148]. Early evidence by Barcello-
Hoff and colleagues demonstrated that reactive oxygen species generated from irradiation (50-
200Gy of 60Coy) can activate the release of TGF-B protein in-vitro [149]. Recent evidence
revealed a direct activation of TGF-§3 protein in air-exposed control rat tracheal explants and
from recombinant TGF-p latency-associated peptide by cigarette smoke via an oxidative
mechanism [150]. This provides direct evidence of smoke-induced increase in collagen in the
large airways where inflammation is not required for this process. However, this is an acute ex-
plant model and may not reflect small airway wall thickening in-vivo. Churg and colleagues have
showed that Coll, Ctgf and TGF-f mRNA expression in isolated bronchiole tissues were
increased after 6 months of smoke exposure in C57BL/6 mice [41]. Furthermore, in support for
the role oxidative stress on airway remodelling, Rubio and colleagues demonstrated a 25%
increase in wall area of small bronchi in rats after 10 weeks of cigarette smoke exposure, and this

effect was prevented by the administration of N-acetylcysteine [151].
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TGF-B receptor activation and its downstream signalling mechanism have been well-
characterized and are associated with airway remodelling [152]. The TGF-B family consists of at
least three isoforms (TGF-1, TGF-B2, TGF-B3) that are important growth cytokines responsible
for bone development, growth differentiation, wound healing, tumour-cell growth and inhibition
[152, 153]. All three isoforms of TGF-§ are expressed throughout our body including the lungs,
and stored in the extracellular matrix as latent complexes. Latent TGF-f can be activated in-vivo
by a variety of mechanisms including direct proteolytic action of plasmin [154, 155],
thrombospondin-1 [156], MMP2 and 9 [157, 158], and interaction of the a, integrin with a
triamino acid peptide arginine-glutamate-aspartate (RGD) sequence on the surface of the latent
protein complex with a contractile force generated by a-SMA in myofibroblasts [149]. In
addition to the activation of latent TGF-p by various proteolytic mechanisms, sequestration of
TGF-B by decorin, a matrix proteoglycan, appears to play a role in TGF-p signaling by binding
TGF-p and sequestering it to the matrix [159-161]. Decreased sequestration of TGF-p by decorin
may be another method by which matrix synthesis can be increased [162].

First, TGF-P heterodimerizes to TGF-BRI/RII and triggers the phosphorylation of Smad-2
and -3 (pPSMADZ2/3), which are key protein mediators in the TGF-B signalling cascade. Direct
binding of pSMAD2/3 to its response element up-regulates a-sma, collagen-1 (Coll), Col3 and
NAPDH-oxidase (Nox4) mRNA expression [163-165]. The first three genes have been
implicated in airway wall thickening [166], whereas NOX4 mRNA and protein expression were
increase in lung tissues of patients with idiopathic pulmonary fibrosis and in bleomycin-induced
mouse model of lung injury [167, 168], suggesting a positive feedback loop between TGF-B
signaling and oxidative stress. Collectively, these data provided a suggestive mechanistic link

between cigarette smoke-induced oxidative stress and airway remodelling.
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194 Cigarette smoke and inflammation in the lungs

The classical theory for the pathogenesis of smoke-induced emphysema is the protease-
antiprotease hypothesis where smoke elicits an inflammatory response, which drives the release
of proteases from inflammatory cells and overwhelms the antiproteolytic defense, leading to
proteolytic breakdown of matrix protein [1, 169]. Although infiltration of immune cells such as
neutrophils, macrophages and CD8+ T lymphocytes are consistently shown to be present in the
small airways of cigarette smokers [28, 170], Hogg and colleagues showed that the strongest
histological associations with airflow limitation were luminal mucus and airway wall thickness
[28]. Coll mRNA is increased in airways tissues as soon as 2h post smoke exposure [41],
whereas smoke-induced inflammatory response does not increase until 24h [171], suggesting that
an inflammatory response is not required, however may enhance the profibrotic effects of
smoke-induced airway remodelling. Interestingly, C57BL/6 mice with genetic deficiencies in
IL1B or TNFa receptor are completely protective from chronic smoke-induced airway

remodelling [47].

1.95 Structural damage and tissue repair/remodelling

Cigarette smoke can induce structural damages in the airway epithelium by unleashing
proteases and oxidants and disrupting the barrier function of the airway [172]. Cells in the airway
epithelium are held together by tight gap junctions that play important roles in maintaining
structural integrity. When the airway epithelium is damaged, tissue repair becomes critical in re-
establishing the integrity of the damaged tissue. However, the precise mechanisms by which the
epithelium repairs itself are still controversial. In an in vivo study where the tracheal epithelium
of guinea pig was wounded, epithelial cells including the secretory and ciliated cells near the

damaged area began to dedifferentiate, flatten and migrate over the denuded area after 15
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minutes [173]. The damaged area then becomes covered by a tight layer of flattened
undifferentiated epithelium before epithelial redifferentiation restores the functional integrity of
the tissue [173]. These data suggest that the lung epithelium is capable of self-renewal and
proliferation after injury. Increased expression of specific integrins such as avpl and avp6 are
present on the basal surface of regenerating epithelium to promote regeneration of the physical
barrier [174]. In addition, there is increased expression of fibronectin, collagen IV and laminin in
bovine tracheal epithelial cell culture lesions, which promote the restoration of the basement
membrane matrix and allow epithelial cell migration [175]. Furthermore, Park and colleagues
demonstrated that acute exposure of napthalene triggered ciliated bronchial epithelial cells to
undergo squamous cell metaplasia at the site of injury, which was then followed by dynamic
repair through redifferentiation via increased expression of transcription factors including
Bcatenin, Foxa2, Foxjl, and Sox family members (Sox17 and Sox2) [176]. In chronically injured
airways by cigarette smoke, there is also a marked distortion of the sub-epithelial fibroblast
architecture and disappearance of the basal laminar layer [177]. This process may be mediated
by increased synthesis of TGF-B, which in turn upregulates Smad-2, -3, and -4-mediated
signaling, and reduced expression of Smad-7 [178]. Finally, cigarette smoke may trigger
neutrophil infiltration in the airway walls, neutrophil elastase and cathepsin G released from
neutrophils can induce fibronectin degradation with the disruption of integrin binding, leading to
apoptosis of ASM [109]. The regulation of proliferative and apoptotic mechanism in ASM by
neutrophils and extracellular may determine the overall ASM mass. In Chapter 2, we will first
determine whether there is potential sexual dimorphism on airway remodelling, emphysema and
mucus production in a well-established mouse model of COPD. We hypothesize that estrogen

drives airway remodelling but not emphysema in smokers.
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Chapter 2: Sexual Dimorphism in Structural Differences in a Mouse Model of Chronic
Obstructive Lung Disease
2.1 Introduction

This chapter explores two important anatomic lesions in a mouse model of COPD. COPD
is a complex disease that is characterized anatomically by small airway remodelling and
emphysema, but these pathologic changes may be influenced by sex. In patients with very severe
COPD, women have anatomically smaller airway lumens and thicker airway walls compared to
men [12]. Female smokers in their 40’s and 50°s demonstrate faster declines in lung function
compared with male smokers, and experience a 50% increased risk of COPD, following
adjustments for pack-years of smoking [13, 29]. In the United States (US), where smoking rates
between men and women are similar, the number of females dying from COPD surpassed the
number of males dying of COPD in 1999 [179]; and in 2010, 60% of all COPD hospitalizations
occurred in female patients [180]. However, the mechanisms behind these differences in COPD
risk between men and women are largely unknown.

Although some believe that animal models do not completely reflect human diseases,
Morissette and colleagues have shown translational potential of animal models by demonstrating
similar genes, pathways and biological functions affected by cigarette smoke in the lungs of mice
and human [38]. To our knowledge, there have been no previous studies which have
systematically evaluated the effects of cigarette smoke in male and female mice with and without
intact ovaries on small airway remodelling and emphysema. The primary goal of this study was
to determine whether there is any significant sexual dimorphism in the anatomic phenotypes of
COPD and whether female sex hormones play any role in COPD pathogenesis following 6

months of cigarette exposure in mice, which are commonly used to model COPD.
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2.2 Materials and methods

2.2.1 Animal smoke exposure

Adult male (N=20), female (N=20) and ovariectomized (N=20) C57BL/6 mice (12 weeks old)
were obtained from Charles River (Montreal, PQ, Canada). Surgical ovariectomy of female mice
was performed at Charles River four weeks prior to cigarette smoke exposure. 1R1 and 2R4F
research grade cigarettes were obtained from the University of Kentucky (Lexington, KY).
Experimental groups consisted of six groups of ten mice per group (male control, male smoke-
exposed, female control, female smoke-exposed, ovariectomized control, and ovariectomized
smoke-exposed). The smoke-exposed groups were exposed to three cigarettes (one 1R1 and two
2RA4F with the filters removed, or two 1R1 and one 2R4F with the filters removed on every other
smoking day), for 5days/week for 6 months. All smoke exposures were conducted using our
standard nose-only smoke exposure system. All procedures were approved by the University of

British Columbia Animal Care Committee (A11-0149).

2.2.2 Morphometric measurements

Histology. The lungs were inflated at 25cmH,0 and fixed under pressure in formalin for 24h.
Paraffin-embedded sagittal sections (5um) were stained with picrosirius red for measurement of
total airway wall area, haematoxylin &eosin for assessment of mean linear intercept, and
Periodic-acid Schiff (PAS) for the detection of glycoprotein from mucus-producing cells.

Analysis of airway walls. Airways were analysed by selecting round airways less than 200 um in
internal diameter. All airway wall measurements were performed on picrosirius red-stained

sections. The wall area of each airway was calculated by the measuring the difference in area
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enclosed by outlining the adventitial border and the basement membrane. The airway wall area
was then normalized by the length of the airway outlined at the basement membrane.

Mean linear intercept. Methods were previously described [181]. For measurements of mean
linear intercept, 15 random fields were photographed at 10X magnification. Using the ImagePro
system, a grid of 130 lines and 250 points with a line length of 1000um was used to count the
number of intercepts. The formula for mean linear intercept (Ly) is 2*(line length) / Nintercepts-
Airway epithelial cell count. Total epithelial cell count was based on counting the number of
nuclei with normalization to the length of the basement membrane in all distal airways less than

200pum in diameter in all groups.

2.2.3 Immunohistochemical staining for neutrophils and macrophages

Methods were previously described in detail [43]. Briefly, immunohistochemistry was carried
out on formalin-fixed paraffin-embedded tissues using rat anti-mouse macrophage antibody (sc-
101447) and rat anti-mouse neutrophil antibody (sc-71674) (Santa Cruz Biotechnology, Dallas
TX), each diluted 1:250 and incubated overnight at room temperature after antigen retrieval with
pH 6.0 10 mM sodium citrate and heat. The secondary antibody was biotinylated anti-rat 19G
1:200 (Vector Laboratory Inc. Burlingame CA BA-9401). Reaction product was visualized using
streptavidin/HRP (Dako catalog P0397) and Nova Red (Vector Laboratory Inc). Numbers of
macrophages and neutrophils were quantitated by counting 5 random high power fields and

expressed as numbers of cells/mm? of tissue.

2.2.4 Immunofluorescence staining for Ki67 protein

Frozen left lung sections (5um) were fixed and permeabilized in acetone at -20°C for 10 minutes.

Sections were incubated with antibodies against Ki67 protein (ab16667, Abcam) overnight for
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4°C and stained with Alex Fluor® 562 anti-rabbit IgG (A-21441, Life Technologies) for 2 h at
room temperature. Slides were mounted on VECTASHIELD HardSet Mounting Medium with
DAPI and visualized using confocal microscope. Fluorescence intensity in the airways was

quantified using Image J software and normalized to the length of the basement membrane.

2.2.5 Statistics

Data were analyzed using non-parametric t-test, two-way ANOVA with Bonferroni’s multiple
comparisons test using GraphPad Prism version 6 (GraphPad Software Inc, San Diego, CA,
USA). All data were expressed as mean + SEM. Statistical significance was considered at P <

0.05.

2.3 Results

2.3.1 Female mice showed greater morphologic small airway remodelling than male and

ovariectomized mice after smoke exposure

After 6 months of air or smoke exposure, paraffin-embedded lung sections from male, female
and ovariectomized mice were stained with picrosirius red to show small airway wall matrix
(Figure 2.1A-F). Smoke exposure significantly increased total airway wall area normalized to the
length of basement membrane from 9.2+0.4um to 12.7+£1.6um in female mice (38.0% increase,
p<0.05), but not in male mice or ovariectomized mice (Figure 2.1G). In contrast, 6 months of
smoke exposure increased mean linear intercept in the parenchyma of male, female, and
ovariectomized female mice, but there was no sexual dimorphism that was detectable (Figure
2.2A-G). Similarly, tissue neutrophil and macrophage cell counts were significantly increased in
all groups after smoke exposure, but no sexual dimorphism was present (Figure 2.2H-I).

Histologic lung sections revealed an absence of PAS-positive cells in the distal airways of all
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control and smoke-exposed mice (Figure 2.3A-F). However, the large conducting airways
expressed trace amounts of PAS-positive cells in all groups, which were used as positive controls

for mucus-producing cells (Figure 2.3G).
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Figure 2.1: Female mice show greater morphologic small airway remodelling (dark red =
total collagen) after cigarette smoke (CS) exposure than male mice, and this effect can be
prevented by ovariectomy before smoke exposure.

A-F) Representative images of picrosirius red-stained mouse lung sections in control (C) and
smoke-exposed (S) male, female and ovariectomized mice were shown. (Dark red = total
collagen; scale bar = 100um). G) Total airway collagen area was normalized by the length of
basement membrane using airways less than 200um in diameter. Data were expressed as mean +
SEM with N=5 per group. One-way ANOVA with Bonferroni's multiple comparisons test was
used in panel G.
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Figure 2.2: 6 months of cigarette exposure increased mean linear intercept, but no sexual
dimorphism was present.

Paraffin-embedded mouse lung sections in control A) male, B) female and C) ovariectomized
mice, and smoke-exposed D) male, E) female and F) ovariectomized mice were stained with
H&E. (Scale bar = 50um). G) Quantification of mean linear intercept (um), tissue H) neutrophil
and 1) macrophage counts per 5 high-power fields were shown. Data were expressed as mean +
SEM with N=5 per group. One-way ANOVA with Bonferroni's multiple comparisons test were
used in panels G-I.
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Figure 2.3: Absence of PAS-positive cells in the distal airways of mice after 6 months of
cigarette exposure.

Paraffin-embedded mouse lung sections in control A) male, B) female and C) ovariectomized
mice, and smoke-exposed D) male, E) female and F) ovariectomized mice were stained with
Periodic acid-schiff (PAS), a marker of glycoprotein (i.e. mucus-producing cells). (Scale bar =
100 pm). G) Large airways from smoke-exposed male mice was used as positive control for PAS
staining (red arrows). (Scale bar = 200 um). Images were representative of N=5 per group.
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2.3.2 Distal airways in female mice have greater epithelial cell count and Ki67-positive

cells than male and ovariectomized mice after smoke exposure

Smoke exposure increased total epithelial cell counts/length of basement membrane in the distal
airways of female but not in male mice, and this effect was abolished in ovariectomized mice
(Figure 2.4A-G). This observation was supported by an increase in proliferating marker, Ki67
protein, in the distal airway epithelium of female but not male mice after smoke exposure, and
this effect was attenuated in ovariectomized mice (Figure 2.4H-N). Ki67 protein was minimally
detected in the distal airway epithelium and was not significantly different amongst all control
mice. The observed biological effects of ovariectomy were confirmed in uterus, which
demonstrated reduced gross size and decreased epithelial thickness in ovariectomized female
mice compared with those in female mice with intact ovaries (Figure 2.5A-D). Smoke exposure
had no effect on airway-specific mMRNA expression of estrogen receptors (ERo, ERP) or

progesterone receptors (PR-A/B) compared to their respective control groups (Figure 2.5E-G).
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Figure 2.4: 6 months of cigarette exposure increased total airway epithelial cell count and
Ki67-positive cells in female but not male mice, and these effects were attenuated in
ovariectomized mice.

Paraffin-embedded mouse lung sections in control A) male, B) female and C) ovariectomized
mice, and smoke-exposed D) male, E) female and F) ovariectomized mice were stained with
H&E. (Scale bar = 50pum). G) Total airway epithelial cells were normalized by the length of the
basement membrane in millimeters. Frozen mouse lung sections in control H) male, I) female
and J) ovariectomized mice, and smoke-exposed K) male, L) female and M) ovariectomized
mice were stained for Ki67 protein. (Scale bar = 50um). N) Total Ki67-positive cells were
normalized by the length of the basement membrane in millimeters. Data were expressed as
mean £ SEM with N=5 per group. One-way ANOVA with Bonferroni's multiple comparisons
test were used in panels G and N.
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Figure 2.5: Morphologic differentiation between ovary-intact and ovariectomized mice,

and airway-specific sex hormone receptor mRNA expression.

A) Gross image of uteri from female mice with intact ovaries (Intact) and uteri that have
undergone ovariectomy (Ov) (scale bar = 10mm). 5um thick histologic sections of formalin-
fixed paraffin-embedded uterus in B) ovary-intact and C) ovariectomized mice were stained with
Periodic acid-schiff (scale bar = 50um). D) Uterus epithelial area was normalized to the length of
the epithelium measured at the basement membrane (um) in female and ovariectomized mice.
Values were expressed as mean = SEM with N=8 per group. Non-parametric t-test was used in
panel D. E) Estrogen receptor (ER-a), F) ER-p and G) progesterone receptor (PR) mRNA
expression were quantified by real time PCR. Values were expressed as mean + SEM with N=4
per group. One-way ANOVA with Bonferroni's multiple comparisons test were used in panels F-

H.
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24 Discussion

Small airway remodelling has been recognized as an important cause of airflow limitation
in human smokers [28, 182]. Hogg and colleagues showed a negative correlation between small
airway wall thickness and lung function in patients with COPD [28]. Using real time polymerase
chain reaction (PCR) of microdissected small airway tissues of COPD patients, Gosselink and
colleagues showed that smoke exposure increased the expression of pro-fibrotic mediators
including those related to the TGFPB1 signalling pathway and matrix protein, which were
associated with thickening of the small airway walls [183]. These data have been complemented
with the well-established murine model of COPD, which expressed several important parallel
features of COPD such as emphysematous-like destructions and small airway remodelling [41,
42,184, 185].

We have reproducibly demonstrated small airway remodelling in mice after 6 months of
daily cigarette smoke exposure [41-44]. The most striking finding, for the first time, is the
presence of a sexual dimorphism in a mouse model of COPD where chronic smoke exposure
increased small airway remodelling in female compared with male mice, and that this excess risk
was prevented by ovariectomy. Our findings are consistent with Martinez and colleagues, who
found that in those with severe-to-very severe COPD, human female patients demonstrated an
airway-predominant disease with narrowed airway lumens and thickened airway walls compared
to male patients [12]. The increase in small airway remodelling after chronic smoke exposure
was associated with an increase in cellular proliferation, as indicated by Ki67, in the distal

airway epithelium, and an increase in airway epithelial cell count in female mice.

There are two general schools of thought in the pathogenesis of smoke-induced small

airway remodelling in COPD [186]. The first theory suggests that small airway remodelling is
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derived by repeated inflammatory insults by smoke-induced immune cell infiltration [1, 170,
187], but there is little direct evidence to support this hypothesis because anti-inflammatory
compounds have been generally unsuccessful in preventing or attenuating the process of
remodelling [186]. An alternative theory of smoke-induced airway remodelling suggests an
excess production of growth factors, which contributes to increased fibrosis of tissues
independent of inflammation [41, 186]. Churg and colleagues have shown that pro-collagen,
connective tissue growth factor (CTGF) and platelet-derived growth factor-B (PDGF-B) mRNA
expression levels were elevated in laser-capture microdissections of airway tissues in C57BL/6
mice female mice exposed to cigarette smoke over time [41]. Furthermore, in the absence of
infiltrating immune cells, acute smoke exposure on normal rat tracheal explants increased
collagen-1 mRNA expression, suggesting that inflammatory response and increased expression
of growth factors on airway remodelling may be independent processes. In the next chapter, we
will describe our proposed mechanism to explain why female mice have more airway

remodelling than male mice after 6 months of CS exposure.

Clinical evidence showed that women are biologically more susceptible to smoke than
men [13, 18-20]. March and colleagues demonstrated that emphysematous-like lesions were first
seen after 10 weeks of smoke exposure in female A/J mice, while male mice did not develop
emphysema until 16 weeks, and no substantial remodelling of the conducting airways and mucus
production was present in both sexes [188]. Although we showed the presence of mild
emphysema in all groups of mice exposed to chronic smoke exposure, no sex difference was
found. It is important to note that administration of an injurious agent such as cigarette smoke
may interfere with alveolarization during prenatal period of lung development and may be

falsely interpreted as emphysema [53]. Therefore, all C57BL/6 mice were first exposed to
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cigarette smoke after maturity at 12 weeks of age. Furthermore, there is an absence of goblet
cells in the distal airways of C57BL/6 mice after 6 months of smoke exposure. Mice expressed
trace amount of goblet cells in the trachea but are almost absent in the distal airway epithelium
[189]. Collectively, our mouse model of COPD revealed that female mice have greater histologic
evidence of small airway remodelling than male mice; however, although chronic smoke
exposure resulted in mild emphysema, there were no significant sex differences in the extent of

emphysema with smoke exposure.
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Chapter 3: Sex-Related Differences in Pulmonary Function Measurements Following 6
Months of Cigarette Exposure: Implications for Sexual Dimorphism in Mild COPD
3.1 Introduction

In the previous chapter, we have reproduced two important phenotypes of COPD in a
well-established mouse model of COPD [41-43], and demonstrated attenuation of small airway
remodelling in ovariectomized female mice. These findings suggest that women who show signs
of COPD prior to menopause may be at greater risk for developing severe disease than those in
whom COPD appears only later in life, which would have significant implications for smoking
cessation counselling. However, our prior study focused on changes to the lung tissue that are
only evident histologically and thus are not easily translated to the screening of at-risk patients

because their detection would require lung biopsy.

We performed this investigation in our mouse COPD model because the pathology in this
model is well characterized and subtle changes in lung function can be detected with high
precision in mice using the flexiVent system via measurements of respiratory system impedance.
The outcome of this study may have potential to be translated into clinical practice that might
identify patients at risk for developing severe disease. Patients with COPD exhibited increased
lung function abnormalities, which may be indicative of a heterogeneous restrictive process in
the lung periphery [190]. In this study, we hypothesize that the increase in small airway

remodelling in female mice is associated with an increase in distal airway resistance.
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3.2 Materials and methods

3.2.1 Animals

Adult male (N=20), female (N=20) and ovariectomized (N=20) C57BL/6 mice (12 weeks old)
were obtained from Charles River (Montreal, PQ, Canada). Surgical ovariectomy of female mice
was performed at Charles River four weeks prior to cigarette smoke exposure. 1R1 and 2R4F
research grade cigarettes were obtained from the University of Kentucky (Lexington, KY). All
procedures were approved by the University of British Columbia Animal Care Committee (Al1-

0149).

3.2.2 Smoke exposure

We studied 6 groups of mice (n = 10 per group): 1) male control, 2) male smoke-exposed, 3)
female control, 4) female smoke-exposed, 5) ovariectomized control, and 6) ovariectomized
smoke-exposed. The smoke-exposed groups were exposed to three cigarettes (one 1R1 and two
2RAF with the filters removed, or two 1R1 and one 2R4F with the filters removed on every other
smoking day) for 5 days per week for 6 months. All smoke exposures were conducted using our

standard nose-only smoke exposure system.

3.2.3 Pulmonary function test

Immediately after the last smoke exposure, all 10 mice per group from the 6 month CS study
were anesthetized (150mg/kg ketamine and 10mg/kg xylazine), tracheostomized (closed thorax)
with an 18-gauge blunted needle advanced 5 tracheal rings and secured with silk ties. An
additional dose of a ketamine/xylazine mix (25% of initial dose) was given 30 min from the
initial injection. The tracheal cannula was connected to a computer-controlled small animal

ventilator (flexiVent; SCIREQ, Montreal, Canada). Mice were mechanically ventilated in a
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supine position at a respiratory rate of 150 breaths/min with a tidal volume of 10ml/kg, and
pressure limit of 30 cmH,0O coupled to a constant positive expiratory end-pressure (PEEP) level
of 3 cmH,0. Muscle paralysis was achieved using pancuronium (2mg/kg intraperitoneally) to
prevent respiratory efforts during the measurement. A 60 W incandescent light bulb was placed
30 cm directly above the mouse to maintain body temperature. Heart rate was monitored with an
electrocardiogram (ECG) (SCIREQ, Montreal, Canada) attached to the limbs of the animal to
check for proper anesthetic depth. Before each mouse was connected to the flexiVent, we
collected calibration signals by applying a volume perturbation initially through a completely
closed tracheal cannula and then opened to the atmosphere to estimate the flow resistance of the
tracheal cannula and the elastance of air in the ventilator cylinder. To provide a constant volume
history, a 6s deep inflation maneuver to 27 cmH,O was performed twice prior to data collection.
A 8 s volume perturbation signal containing frequencies between 1 and 20.5 Hz (primewave-8,
SCIREQ, Montreal, Canada) with a peak-peak amplitude of 3 ml/kg was applied to the lungs to
measure its mechanical impedance. Fitting the constant-phase model of impedance to the
measured impedances provided estimates of airway resistance (Rn), tissue damping (G) and
tissue stiffness (H) [56]. Model fits were accepted only if the coefficient of determination of the
curve fit was > 0.95. Three measurements of impedance were obtained under each experimental
condition and the resulting values of Rn, G and H were averaged. Pressure-volume loops were
generated by applying a series of volume-steps that inflated to lungs to 30 cmH,O followed by
deflation, all in the complete absence of spontaneous breathing efforts. Measurements were made
over a series of 10 consecutive days, so to avoid time effects in our data we measured impedance

in one mouse from each of the 6 groups on each of the 10 days. Measurements on a control
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mouse and its smoke-exposed counterpart (male, female, or ovariectomized groups) were

performed immediately one after the other.

3.2.4 Statistics

Data were analyzed using parametric t-test (normally distributed), non-parametric t-test (non-
normally distributed), two-way ANOVA with Bonferroni’s multiple comparisons test, and linear
regression using GraphPad Prism version 6 (GraphPad Software Inc, San Diego, CA, USA). All

data were expressed as mean £ SEM. Statistical significance was considered at P < 0.05.

3.3 Results

3.3.1 Female mice have increased tissue damping than male and ovariectomized mice

after smoke exposure.

No differences in Rn were observed across any of the groups (Figure 3.1A). However, smoke
exposure increased significantly tissue damping (G) in female but not in male mice, and this
effect was not present in ovariectomized mice (Figure 3.1B). H was not significantly different
between female and ovariectomized mice both at baseline and after smoke exposure, but H

increased significantly following smoke exposure in male but not female mice (Figure 3.1C).

3.3.2 Female mice have greater respiratory resistance than male and ovariectomized mice
after smoke exposure.

These findings were similar for the respiratory resistance (Zrs) as shown in Figures 3.2A-C.
Specifically, Zrs was not different between air-exposed and smoke-exposed male mice at all
frequencies investigated, but it increased significantly at the low frequency (1Hz) in female mice

but not in male or ovariectomized female mice. Respiratory reactance (Xrs) was unchanged
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between control and smoke-exposed male mice at all frequencies (Figure 3.2D), but was
significantly more negative in the smoke-exposed female mice at the lowest frequency (1Hz)

(Figure 3.2E), an effect that was not present in ovariectomized female mice (Figure 3.2F).
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Figure 3.1: Female mice have greater tissue damping than male mice after smoke exposure,
and these effects were abolished with ovariectomy.

A) Airway resistance (Rn), B) tissue damping (G) and C) tissue elastance (H) were measured in
control (C) and smoke-exposed (S) male, female and ovariectomized mice. Values expressed as
mean = SEM from N=7-9 per group. *p<0.05 represents statistical significance. Non-parametric
t-test was used in panel B. Parametric t-test was used in panel C.
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Figure 3.2: Female mice have greater Zrs than male mice after smoke exposure, and this
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effect was abolished after ovariectomy.

Frequency-dependence of respiratory system resistance (Zrs) and reactance (Xrs) in control and

smoke-exposed male (A, D), female (B, E), and ovariectomized mice (C, F) were shown.
*p<0.05, **p<0.01 compared between control and smoke-exposed female mice. G) Zrs in male,
female and ovariectomized control mice were shown. Values were expressed as mean + SEM

with N=7-9 per group. Two-way ANOVA with Bonferroni’s multiple comparisons tests were

performed in all analyses.
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3.3.3 Female mice have lower inspiratory capacity than male and ovariectomized mice

after smoke exposure.

Figures 3.3A-C showed that the inspiratory and expiratory pressure-volume curves were not
significantly different between control and smoke-exposed male and ovariectomized mice.
However, there was a downward shift in the curves at higher lung volumes in female mice after
smoke exposure. Correspondingly, the only significant effect of smoking on inspiratory capacity
was observed in female mice (Figure 3.3D). Quasi-static lung compliance (Cst) was not different
between all groups after normalization to the inspiratory capacity within each group (Figure
3.3E). The curvature of the deflating PV-loop (K) was not different between all groups (Figure

3.3F).

3.3.4 Inspiratory capacity does not depend on whole body weight of mice

Body weight increased by 21%, 33% and 29% in control male, female and ovariectomized mice,
respectively, from 3 to 9 months of age (Figure 3.4A-C). However, chronic smoke exposure
imparted similar effects on weight gain in all groups of mice, reducing body weight by 20-25%
in all groups. To determine whether differences in body weight influenced inspiratory capacity
we plotted inspiratory capacity versus body weight but found no significant correlations (Figure

3.4D-F).
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Figure 3.3: Female mice have lower inspiratory capacity than male mice after smoke
exposure, and this effect was abolished with ovariectomy.

Pressure-volume (PV) loops were shown in control (C) and smoke-exposed (S) A) male, B)
female, and C) ovariectomized mice. D) Inspiratory capacity (A), E) quasi-static lung
compliance with normalization to A, and F) the form of the deflating PV-loop (K) were shown.
Values were expressed as mean
Bonferroni’s multiple comparisons tests were used in panels A-C. Parametric t-tests were used in
panels D-F.
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Figure 3.4: Inspiratory capacity does not depend on whole body weight of mice.

Whole body weight of control and smoke-exposed A) male, B) female, and C) ovariectomized
mice were measured weekly over 24 weeks of smoke exposure. Values were expressed as mean
+ SEM. ****p<(0.0001 compared between control vs. smoke-exposed mice at each time point
with N=8-10 per group. Two-way ANOVA with Bonferroni’s multiple comparisons tests were
used in panels A-C. The relationship between inspiratory capacity and whole body weight of
control and smoke-exposed D) male, E) female and F) ovariectomized mice were shown. Linear
regression analyses were used in panel D-F.
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3.4 Discussion

In patients with severe COPD, female smokers are at increased risk of small airways disease
compared with male smokers [12]. In mild to moderate COPD, female smokers have accelerated
decline in lung function compared with male smokers with similar pack-years of smoking
exposure [13]. However, because there are significant differences in the amount and the way in
which men and women smoke [191], the influence of confounding factors cannot be fully
resolved in these observational studies. To our knowledge, the present study is the first of its
kind to evaluate sex-related differences in lung function following 6 months of cigarette
exposure in mice with and without intact ovaries. We found that 6 months of cigarette exposure
in these mice, which produced mild histologic changes of emphysema and small airway
remodelling, resulted in significant perturbations in lung function reflective of disease in the
“small airways” of female mice in particular (Figure 3.1B and 3.2B), consistent with GOLD 1 or

2 COPD severity in humans.

We found the greatest impact on lung function to be manifested in the impedance parameters G
and H. In a perfectly homogeneous lung, G is a measure of the degree to which energy is
dissipated in the respiratory tissue as lung volume increases and decreases. Similarly, H is a
measure of the elastic stiffness of the tissues that opposes expansion as lung volume increases.
The fact that G and H are both non-zero attests to the viscoelastic nature of the tissues. However,
G and H may also be increased by derecruitment of airspaces, by an increase in the regional
heterogeneity of lung mechanics, or by a reduction in lung size. Smoking did not seem to
significantly affect lung size (Figure 3.4), but we did find that smoking increased G in the female
group (Figure 3.1B) and H in the male group (Figure 3.1C). The increased G is explicable as the

functional consequence of increased airway remodelling in the females relative to the males and
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ovariectomized female mice that showed no changes in G. That is, the females with intact
ovaries experienced either an increase in the intrinsic resistive properties of their lung tissues
and/or increased regional lung heterogeneity as a result of their smoke exposure compared to the
other two groups, which is consistent with an increase in collagen deposition in the very small

airways as previously described [192].

It was only in the females that smoking elevated both resistance and reactance at the lowest
frequency we measured (Figures 3.2B and E); the other two groups showed no effects of
smoking on impedance. Resistance and reactance at low frequencies determine G and H,
respectively, via the fits provided by the constant-phase model [56]. However, although these
model fits are generally extremely good, they are never perfect because the constant-phase model
does not perfectly describe the actual impedance. These errors in fit may thus explain our
otherwise curious observation of an increase in H only in the male mice (Figure 3.1C). That is,
because the effects of smoking on impedance were so subtle, a small amount of model fitting
error could lead to spurious results in terms of the best-fit model parameter. Patients with COPD
typically show much greater effects on lung mechanics due to smoking than we have observed in
our mice in the present study. Patients with COPD have also been shown to exhibit increased G,
H, and hysteresivity which are indicative of a heterogeneous restrictive process in the lung

periphery [190] similar to but more significantly more extreme than in our mice.

Interestingly, COPD caused by cigarette smoking is often associated with dynamic
hyperinflation and increased lung compliance, which would be expected to lead to a decrease in
H and an increase in inspiratory capacity [193]. We found smoke exposure to produce
comparable (and mild) degrees of emphysematous-like lesions in the parenchyma of male,

female, and ovariectomized female mice (Figure 2.2G), but inspiratory capacity was decreased
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only in the smoke-exposed female mice while remaining unchanged in the other two groups
(Figure 3.3). One possibility is that residual volume may have increased in the female mice,
corresponding to dynamic hyperinflation in patients with emphysema, which may reflect an
increased tendency for remodeled peripheral airways to collapse at low lung volumes. On the
other hand, it is by no means certain that the pathology of smoking exposure in mice will
precisely recapitulate that seen in humans. Mice have much larger airways relative to lung size as
well as fewer airway generations compared with humans [194], so airway remodelling may
affect overall lung mechanics differently. However, we must also acknowledge the limitations
imposed on our ability to draw conclusions by the subtle changes we found; the consequence
airway remodelling (Figure 2.1) and the degree of emphysema produced by the smoke exposure
(Figure 2.2) in our mice were mild, and the resulting functional changes in the lung were
correspondingly small (Figures 3.1-3.3). These minor yet detectable changes may simply reflect
the realities of trying to recapitulate a pathology that takes a lifetime to develop in a human by

treating a mouse over a necessarily much shorter time span.

In summary, we have found evidence of sex-linked decrements in lung mechanics in smoke-
exposed mice that were abolished by ovariectomy, implicating a key role for sex hormones.
These results shed mechanistic light on the predilection for pre-menopausal women to develop
more severe COPD than men, and offer the possibility that measurements of Zrs in patients

might have a role in identifying individuals at particular risk for developing severe disease.

In the next chapter, we will demonstrate a plausible biological mechanism why female mice have

more severe small airway remodelling than male mice after chronic smoke exposure.
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Chapter 4: Female Mice Have Increased Oxidative Stress and Airway Remodelling After
Chronic Smoke Exposure: Implication for Sexual Dimorphism in Mild COPD
4.1 Introduction

In chapter 2 and 3, we have demonstrated that female mice have increased airway
remodelling than male mice, and this was associated with increased distal airway resistance after
chronic smoke exposure. Oxidative stress has been shown to be important in the pathogenesis of
COPD, but the precise mechanism by which this occurs is not clearly known [148]. Cigarette
smoke (CS) exists as a gaseous and a particulate phase, producing more than 10 reactive
oxygen species per puff, and an important exogenous source of superoxide anion [195]. Smokers
smoking an average of 10.7 cigarettes/day has a saliva cotinine level of 113ng/ml, and for the
same number of cigarettes smoked per day, saliva cotinine level is greater in men than in women
[146], suggesting that women have an accelerated metabolism of cotinine. Clinical data showed
that female smokers have increased CYP enzymes compared to male smokers, and this may be
related to estrogen levels because stimulation of estrogen receptor increases CYP1AL protein
expression [196]. Recent evidence revealed a direct activation of TGF-p protein in air-exposed
control rat tracheal explants, and recombinant TGF-B latency-associated peptide in vitro by
cigarette smoke via an oxidative mechanism [150]. In support for the role of oxidative stress on
airway remodelling in vivo, Rubio and colleagues demonstrated a 25% increase in wall area of
small bronchi in rats after 10 weeks of cigarette smoke exposure, and this effect was prevented
by the administration of N-acetyl cysteine [151]. Furthermore, Hecker and colleagues showed
that intratracheal instillation of Nox4 siRNA, an important producer of superoxide, in mice
attenuated bleomycin-induced increase in hydrogen peroxide release, a-SMA and fibronectin

expression [167]. Similarly, they found that treatment of Nox4 siRNA on human fetal lung
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mesenchymal cells attenuated TGFp-induced increase in these markers, suggesting a strong
potential link between oxidative stress and TGFB-mediated activation of a fibrotic phenotype. In
this study, we determined whether the increase in airway remodelling in female mice

demonstrated in chapter 2 and 3 is associated with increased oxidative stress in the airways.

4.2 Materials and methods

4.2.1 Animal smoke exposure

Male, female and ovariectomized C57BL/6 mice were exposed to research grade cigarettes
(University of Kentucky, Lexington, KY) 5 days/week, for 6 months. For the intervention study,
female mice were implanted with one 75mg Tamoxifen free base pellet released at steady state
over 60 days (E361, Innovative Research of America, Sarasota, FL) and pre-treated for three
weeks prior to smoke exposure, followed by smoke exposure 5 days/weeks for 1 month. Refer to

methods in chapter 2 for more details.

4.2.2 Laser-capture micro-dissection and real time PCR

Whole left lungs were inflated with 50% embedding medium for frozen tissues (OCT) in
DEPC-treated water and snap frozen. Frozen lungs were cut into S5um-thick sections using a
cryostat (Leica Biosystems, Concord, ONT) and laser capture microdissection was performed
using the Leica LMD6500 Laser Microdissection System (Leica Microsystems, Concord, ONT).
Small airways (<200um in diameter) and parenchyma from six histologic sections per mouse
were collected separately in an RNeasy lysis buffer-containing Eppendorf 500-pl tube
(Mississauga, ON, Canada) and stored at -80°C until the RNA extraction procedure. Total RNA
(50ng) was reverse transcribed into cDNA using the iScript cDNA synthesis kit according to the

manufacturer's protocol (Biorad, Mississauga, ON). Real time PCR was performed on an
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Applied Biosystems platform (Applied Biosystems-ABI, Carlsbad, CA). TagMan PCR probes
for Nrf-2 (MmO00477784_m1), Ngol (Mm01253561_m1), Hmox1 (Mm00516005_m1), Cyplal
(MmO00487218_m1), Cyplbl (MmO00487229 m1), Aldh9al (Mm00480240_m1), Adh5
(MmO00475804_g1), Sdha (MmO01352363_m1), Aldh3al (Mm00839312 ml), Gsrl
(MmO00439154 m1), Cyp2f2 (Mm00484087_m1) were obtained from Applied Biosystems. RNA
quality in all samples were confirmed (RNA Integrity Number 5-6) using an Agilent
BioAnalyzer. Gene expression quantification was based on the ACT method of relative
quantification with normalization to beta-2 macroglobulin (2m).

Nox4 (ID: 146134358c3), asma (ID: 31982518c1) primer sequences were obtained from

PrimerBank (http://pga.mgh.harvard.edu/primerbank/), and were synthesized by Invitrogen.

Gene expression quantification was based on the AT method of relative quantification using

SYBR green assay. All mMRNA expression were normalization to Gapdh.

4.2.3 Trolox-equivalent antioxidant capacity

Whole right lungs were homogenized in extraction buffer (100mg tissue/0.5mL buffer;
A3605, Sigma-Aldrich) supplemented with protease inhibitor (5871, Cell Signalling) and
phosphatase inhibitor (P5726, Sigma-Aldrich) using a TissueLyser LT (Qiagen) for 1.5 minutes
at 50 oscillations per second. Lung homogenates were centrifuged at 13,000rpm for 15 minutes
at 4°C and stored at -80°C. Total antioxidant capacity was assessed in whole lung homogenate by
using a colorimetric assay. The principle is based on the formation of a ferryl myoglobin radical
from metmyoglobin and hydrogen peroxide, which oxidizes ABTS (2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) to produce a radical cation, ABTS™, a soluble chromogen
that is green in color and can be determined spectrophotometrically at 405nm. Trolox, a water-

soluble vitamin E analog, was used as a standard antioxidant for the suppression of radical cation
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generation in a concentration dependent manner with an inverse relationship between total
antioxidant capacity and color intensity (CS0790, Sigma-Aldrich, St. Louis, MO). Data were

normalized to total protein in milligram per reaction.

4.2.4 Dihydroethidium labelling

Briefly, to measure reactive oxygen species (ROS) production in-situ, left lungs were inflated
with 50% OCT. 10um frozen lung issues were sectioned and stained with 10uM
dihydroethidium (DHE) (D11347, Life Technologies), a specific marker of superoxide, for 30
minutes at room temperature and imaged using fluorescent microscopy. Un-oxidized DHE
exhibits blue fluorescence in the cytosol, whereas oxidized DHE gets intercalated into the
nucleus and stains the nucleus red. The excitation/emission wavelength of DHE is 518/606nm.
Slides were mounted on VECTASHIELD HardSet Mounting Medium with DAPI and visualized
using a conventional fluorescence microscope. Fluorescence intensity was quantified using
Image J software and normalized to the length of the basement membrane of airways less than

200pum.

4.25 ELISA assays for 3-nitrotyrosine and active TGFp1

The range of detection of the 3-nitrotyrosine ELISA was 8-1000ng/ml. Lung homogenates were
also used to measure active TGFB1 by ELISA (MBI00B, R&D Systems). This ELISA
specifically recognizes the active form of TGFB1. The range of detection of this ELISA was 5-
2000pg/ml. Data were expressed as mean + SEM with normalization to total protein in

milligrams per reaction.
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4.2.6 Immunofluorescence staining for active TGFp1

5um OCT-inflated frozen left lung sections were fixed/permeabilized in acetone at -20°C for 10
minutes. Sections were incubated with antibodies against active TGFB1 (MAB1835; R&D
systems) overnight for 4°C and stained with Alex Fluor® 488 Chicken anti-rabbit 1gG (A-21441,
Life Technologies) for 2 h at room temperature. Slides were mounted on VECTASHIELD
HardSet Mounting Medium with DAPI and visualized using confocal microscopy. Fluorescence
intensity in the airways was quantified using Image J software and normalized to the length of

the basement membrane.

4.2.7 lsolation of primary fibroblasts and bronchial epithelial cell culture

The whole length of the mice trachea (N=3 female C57BL/6 mice at 12 weeks old) was dissected
free from surrounding tissues and diced into fine pieces of approximately 1X1 mm? pieces. After
washing in ice cold sterile PBS 3 times, tissue explants were placed in 6 well plate (BD
Bioscience, Mississauga, ON, Canada) containing Dulbecco’s modified Eagle’s Medium with L-
glutamine (GIBCO/Invitrogen, Burlington, ON, Canada) supplemented with 10% Fetal Bovine
Serum (GIBCO) and 1% PSF (penicillin, streptomycin and fungizone solution) (GIBCO). Tissue
explants were cultured at 37°C at 5%CO, for 14 days with a change of medium everyday for the
first week and three time a week thereafter. After reaching 90% confluence, cells were split into
75-cm? flasks (BD Bioscience) and referred as passage 1. Primary cells were seeded on 6-well
plates with fresh media 3 times a week or until 90% confluence. Cells were grown for an
additional 48h with or without 10ng/ml of recombinant human TGFbl (R&D Systems,

Minneapolis, MN, USA). Cells between passage 2-4 were used for all experiments.
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4.2.8 Uteri epithelial thickness

The uterus of female mice with or without the ovaries removed were dissected and fixed in
formalin for 24h. Uterine wet weight was measured, and paraffin-embedded sections (5um) were
stained with periodic acid-Schiff (PAS) for measurement of epithelial thickness (area of

epithelium/length of basement membrane) as a physiologic index of the effect of ovariectomy.

429 Statistics

Data were analyzed using non-parametric t-test, and one-way ANOVA with Bonferroni’s
multiple comparisons tests using GraphPad Prism version 6 (GraphPad Software Inc, San Diego,
CA, USA). All data were expressed as mean + SEM. Statistical significance was considered at P

< 0.05.

4.3 Results

4.3.1 Increased small airway remodelling was associated with impaired antioxidant gene
expression in response to cigarette exposure in female mice, and this effect was attenuated

by ovariectomy.

To determine the sexual dimorphism in cigarette smoke-induced small airway
remodelling in our mouse model of COPD, we examined a select set of antioxidant genes
including those regulated by NRF2 protein in all groups. Overall antioxidant mRNA expression
was constitutively lower in female than male control airway tissues (Figure 4.1A). In general,
antioxidant gene expression in airway tissues of male mice was increased after chronic CS

exposure but the increases were blunted in female mice.
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Smoke exposure increased Cyplal, Cyplbl and Nrf2 mRNA expression in the airways
of male but not female mice, and this effect was partially restored with ovariectomy (Figure
4.1B-D). One of the genes regulated by Nrf2 is NADPH:quinone oxidoreductase 1 (Nqol). The
Nrf2 mRNA expression pattern was reflected in the NRF2-regulated Ngol mRNA expression in
response to smoke exposure (Figure 4.1E). Although smoke exposure did not affect Ngol
MRNA expression in male and female mice, female airway tissues had lower Ngol mRNA
expression than male mice (p<0.001). Collectively, these mRNA expression data showed sex
differences in phase | and Il detoxifying enzyme mRNA expression levels in airway tissues of

male and female mice.
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Figure 4.1: Female mice have an impaired antioxidant gene response to cigarette smoke
compared to male mice or ovariectomized mice.

A) Heat map of antioxidant gene expression in laser-capture airway tissues of control (C) or
smoke-exposed (S) male, female and ovariectomized mice at 6 months. Color intensities were
normalized to the average gene expression in male control mice within each gene. Blue=lower
than male control values, red=higher than male control values. B) Cyplal, C) Cyplbl, D) Nrf2,
and E) Nqol mRNA expression normalized to f2m in airway tissues. Values expressed as mean
+ SEM with N=5 per group. One-way ANOVA with Bonferroni’s multiple comparisons tests
were used in all groups. (beta-2 macroglobulin-f2m, Heme oxygenase-Hmox1, cytochrome
p450-Cyplal/ib1/2f2, NADPH: quinone oxidoreductasel-Ngol, aldehyde dehydrogenase-
Aldh9al/3al, alcohol dehydrogenase-Adh5, Succinate dehydrogenase complex-Sdha, nuclear
factor erythroid-related factor-Nrf2, glutathione reductase-Gsrl).
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4.3.2 Female mice showed greater pulmonary oxidative stress than male mice, and this

effect was attenuated by ovariectomy.

To determine the downstream effects of antioxidant gene expression changes in the lung,
we measured 3-nitrotyrosine (3NTyr) levels in whole lung homogenates as a marker of oxidative
stress. 3NTyr per milligram of total protein in whole lung homogenates was increased in female
but not male mice after smoke exposure, and this effect was abolished with ovariectomy (Figure
4.2A). Smoke exposure decreased total antioxidant capacity in whole lung homogenates of
female but not in male mice, and this effect was rescued with ovariectomy (Figure 4.2B).

To determine whether a decrease in total antioxidant capacity associates with an
accumulation of reactive oxygen species in the lungs of smoke-exposed mice, we measured
oxidative stress in the small airways using dihydroethidium (DHE), which is a fluorescent
marker of superoxide anion [197]. Smoke exposure increased total intracellular superoxide anion
level in the small airways of female mice by 50% (p<0.05) compared to air-exposed female
mice, but this effect was abolished in ovariectomized mice (Figure 4.2C). No significant
difference in superoxide level was observed between air-exposed and smoke-exposed male mice.
To determine whether the accumulation of oxidants in the airways of smoke-exposed female
mice leads to the release of active TGFB1, we showed that smoke exposure increased the release
of active TGFB1 in female but not male mice, and this effect was attenuated with ovariectomy

(Figure 4.2D).
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Figure 4.2: Female mice have increased nitrosative and oxidative stress, and increased
active TGFB1 protein expression.

A) 3-nitrotyrosine and B) Trolox-equivalent total antioxidant capacity were measured from
whole lung homogenate and normalized to total protein loaded per reaction. *p<0.05 compared
between control (C) and smoke-exposed (S) groups after 6 months of air or smoke exposure.
#p<0.05 compared between two different (S) groups. Values expressed as mean + SEM with
N=5 per group in panel A, and N=8-10 per group in panel B. C) Fluorescence intensity of
dihydroethidium (DHE) in airway tissues was normalized to the length of the basement
membrane. Values were expressed as fold change in DHE signal + SEM relative to control mice
in each animal group with N=4 per group in panel C. D) Active TGFpB1 protein in whole right
lung homogenate was normalized to total protein loaded per reaction. Values expressed as mean
+ SEM with N=8-10 per group in panel D. One-way ANOVA with Bonferroni's multiple
comparisons tests were used in all analyses.
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4.3.3 Female mice showed greater airway-specific active TGFp1 protein and downstream

signalling compared to male or ovariectomized mice

Using immunofluoresence staining and imaging by confocal microscopy, we showed an
increase in active TGFB1 protein in the airways of female mice after smoke exposure (p<0.05),
whereas ovariectomy abolished this effect (Figure 4.3A-G). Smoke exposure did not affect the
amount of active TGFB1 protein in the airways of male mice compared to air-exposed male
control mice. To determine whether the increased expression of active TGFB1 in the airways of
female mice associated with an increase in total collagen expression in the airway walls of
smoke-exposed female mice, we confirmed the activation of the TGFB1 signalling cascade at the
transcriptional level. As a potent downstream transcript of TGFB1 activation and an important
producer of superoxide, Nox4 mRNA expression was increased in the airways of female but not
male mice after smoke exposure, and this effect was attenuated with ovariectomy (Figure 4.3H).
To confirm the specificity of TGF1 activation on the transcription of Nox4 mRNA, stimulation
of normal female mouse tracheal fibroblasts with TGFB1 for 48h increased Nox4 mRNA
expression (Figure 4.31). asma mRNA expression was increased in the airways of female mice
(p<0.05) after chronic smoke exposure, but were attenuated with ovariectomy (Figure 4.3J).
Collectively, these data showed that a build-up of oxidants in the lungs of female mice after
smoke exposure was associated with an increased release of active TGFB1 protein and

downstream signalling response.
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Figure 4.3: Female mice have increased expression of active TGFp1 protein and TGFp1-
responsive genes in airway tissues.

Immunofluoresence image of control (C) and smoke-exposed (S) male (A,D), female (B,E) and
ovariectomized (C,F) mouse lung sections were stained for active TGFB1 protein in the airway
wall. G) Fluorescence intensity of active TGFB1 protein was normalized to the area of airway
tissues. Nuclei were counterstained with DAPI. Scale bar=20um. Values were expressed as mean
intensity / pm? + SEM with N=5 per group. H) Nox4 mRNA expression were normalized to
Gapdh in airway tissues from all groups. Values were expressed as mean + SEM with N=5 per
group. 1) Nox4 mRNA expression in normal mouse tracheal fibroblasts stimulated with 10ng/ml
of TGFp protein for 48h were normalized to Gapdh. Values were expressed as mean £ SEM with
N=3 per group. Non-parametric t-test was used in panel I. J) asma mRNA expression was
normalized to Gapdh in airway tissues of all groups. Values expressed as mean £ SEM with N=5
per group. One-way ANOVA with Bonferroni's multiple comparisons tests were used in panels
G,HandJ.
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4.3.4 Tamoxifen attenuated smoke-induced increase in Cyplal mRNA expression in the

airways of female mice after 1 month of smoke exposure

Since Cyplal, Cyplbl, Nrf2, and Ngol genes contain estrogen response elements in the
promoter region [198], it is plausible that estrogen and estrogen receptor activation may affect
expression of these oxidant-related genes and the production of excess reactive oxygen species if
phase | and Il xenobiotic enzymes were disproportionately expressed. We selectively blocked
estrogen receptors by subcutaneously implanting tamoxifen (TAM) pellets in female mice with
intact ovaries to determine whether estrogen plays a role in CS-induced oxidative stress. 1 month
of smoke exposure significantly increased Cyplal, Cyplbl, Nrf2, and Ngqol mRNA expression
in airway tissues of female mice compared to air-exposed female control, whereas tamoxifen
treatment differentially attenuated Cyplal but not Cyplbl, Nrf2, and Ngol mRNA expression
(Figure 4.4A-D). Smoke exposure, however, increased Cyplbl but not Cyplal, Nrf2 or Ngol
MRNA expression in airway tissues of male mice. Female mice have greater Cyplal mRNA
expression than male mice after smoke exposure and this excess increase appeared to be driven

by estrogen.
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Figure 4.4: Tamoxifen attenuated smoke-induced increase in Cyplal mRNA expression in
the airways of female mice.

A) Cyplal, B) Cyplbl, C) Nrf2 and D) Ngol mRNA expression were normalized to f2m in
airway tissues of male and female control (C), smoke-exposed only (S), 75mg tamoxifen (T)
only, and (S+T) mice after 1 month of smoke exposure. Values were expressed as mean + SEM
with N=7-10. One-way ANOVA with Bonferroni's multiple comparisons tests were used in all
analyses.
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4.3.5 Tamoxifen attenuated smoke-induced increase in Nox4 mRNA expression in the

airways of female mice after 1 month of smoke exposure

We have previously showed that 6 months of smoke exposure increased Nox4 mRNA
expression in the airways of female mice and this effect was attenuated by ovariectomy. To
determine whether this effect was driven by estrogen, we showed that tamoxifen attenuated
smoke-induced increase in Nox4 mRNA expression compared to ovary-intact air-exposed mice
(Figure 4.5A). To confirm whether tamoxifen exerted a biological effect on female mice, we
showed that tamoxifen treatment for three weeks increased uterus epithelial thickness compared
to ovary-intact control mice (Figure 4.5B-D). Collectively, these data demonstrated that smoke-
induced increase in Nox4 mRNA expression were influenced by estrogen and also may be

indicative of increased TGFp1 signalling in airway tissues of female mice.

69



Ovary-intact uterus control Ovary-intact uterus + TAM

B 5 N\
&l 255 2
- ‘\' - :'L-
A i e E & 3
0.015+ p=0.0109 % RS ISR s ~ ST N
W Sy B S
= p=0.0073 b 37 =N X
% - s — ! »
© \ y 50um 4 \
O 0.0104 ! <
<
E D
€ 0.0054 £ 807
X g = p<0.0001
S s - A + -0 =
g % = - T = 3 § .
0.0004— : T . r : s 9 i
c s c T S S+T s 240_ ) —
male female o s -
£x —_.—
Qo 20-
o E
(-]
7]
©
n o L) L]
intact TAM

Figure 4.5: Tamoxifen attenuated smoke-induced increase in Nox3 and Nox4 mRNA
expression in the distal airways of female mice.

A) Nox4 mRNA expression were normalized to Gapdh in airway tissues of male and female
control (C), smoke-exposed only (S), 75mg tamoxifen (T) only, and (S+T) mice after 1 month of
smoke exposure. Data were expressed as mean £ SEM with N=7 per group. One-way ANOVA
with Bonferroni's multiple comparisons test was used in panel A. 5um thick histologic sections
of formalin-fixed paraffin-embedded uterus in B) ovary-intact control and C) ovary-intact mice
implanted with Tamoxifen were stained with Periodic acid-schiff (scale bar = 50um). D) Uterus
epithelial area was normalized to the length of the epithelium measured at the basement
membrane (um) in female mice. Values were expressed as mean + SEM with N=10 per group.
Non-parametric t-test was used in panel D.
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4.3.6 Estrogen differentially enhanced smoke-induced increase in Cyplal but not Cyplbl

and Ngol mRNA expression in normal human bronchial epithelial cells.

To demonstrate a biological relevance of estrogen in the modulation of smoke-induced changes
in antioxidant genes from our mouse model to human bronchial epithelial (NHBE) cells cultured
in air liquid interface, we showed that smoke exposure increased Cyplal, Cyplbl and Nqol but
not Nrf2 mRNA expression in female NHBE cells compared to air-exposed controls (Figure
4.6A-D). Estradiol differentially enhanced smoke-induced increase in Cyplal but not Cyplbl,
Ngol and Nrf2 mRNA expression. In the absence of cigarette smoke, estradiol differentially
increased Cyplal and Ngol but not Cyplbl and Nrf2 mRNA expression at baseline (Figure
4.6E-H). Primer specificities for Cyplal, Cyplbl, Nrf2 and Nqol were confirmed by the
presence of a single DNA product in 1.1% agarose gel at an annealing temperature of 60°C

(Figure 4.61-L).
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Figure 4.6: Estradiol differentially enhanced smoke-induced increase in Cyplal but not
Cyplbl and Ngol mRNA expression in normal human bronchial epithelial (NHBE) cells.

A) Cyplal, B) Cyplbl, C) Nrf2 and D) Ngol mRNA expression were normalized to Hprtl in
air-exposed control, estradiol only (E2), smoke-exposed only (S), and E2 + S exposed female
NHBE cells for one week. Values were expressed as mean £ SEM with N=2 female NHBE cell
donors. Primer specificities for 1) Cyplal, J) Cyplbl, K) Nrf2 and L) Ngol were confirmed on
DNA gels with single product at an annealing temperature of 60°C (yellow arrow). A 100bp
DNA ladder was indicated. One-way ANOVA with Bonferroni's multiple comparisons tests
were used in panels A-D. Non-parametric t-tests were used in panels E-H.
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4.4 Discussion

Although oxidative stress has been suggested to be important in the pathogenesis of
COPD, the precise mechanisms by which this occur remain largely elusive [148]. The findings of
the present study indicate that female sex hormones blunt the airways’ ability to mount an
effective anti-oxidant response to chemical irritants such as cigarette smoke, leading to a build-
up of oxidant stress, dysregulated TGFp1 signalling and fibrosis in the small airways of mice. An
important mediator of this process is NRF2. NRF2 protein is a redox sensor and a master-switch
regulator of antioxidant genes [199]. Deficiency in Nrf2 gene has been shown to increase
susceptibility to smoke-induced emphysema, bronchoalveolar inflammation and oxidative stress
in mice [185].

All of the selected antioxidant genes in our study (Figure 4.1) are transcriptionally
regulated by NRF2 [200] and contain estrogen response elements [198]. Using a mouse liver cell
line, Kharat and colleagues showed that estrogen interfered with the binding of TCDD -activated
AhR onto the xenobiotic response element in the promoter of the Cyplal gene [201].
Furthermore, 17B-estradiol has been shown to inhibit NRF2-mediated enzyme activities by
estrogen receptor-alpha (ERA) and NRF2 protein interaction [202, 203]. Estrogen has also been
demonstrated to suppress NQO1, a Phase 2 xenobiotic enzyme, via an ER-dependent
mechanism. Anti-estrogens (tamoxifen and 1C1-182,780), on the other hand, up-regulate Ngol
expression in ER-positive breast cancer cells [204]. This gene reduces quinones to
hydroquinones, thus preventing the accumulation of reactive semiquinone that generates
superoxide [205]. NQO1, which is transcriptionally regulated by NRF2, has been shown to
protect cells from oxidative stress [206-208] and is highly expressed in the cytoplasm of normal

airway epithelium [209]. Similarly, deficiency in Hmox1l has been reported to cause
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susceptibility to oxidant-mediated lung injury in mice [210]. Consistent with these observations,
we showed reduced total antioxidant capacity and increased levels of 3-nitrotyrosine in whole
lung homogenates of female but not male mice or ovariectomized female mice following smoke
exposure. We also showed increased superoxide generation in the small airways of female but
not male mice or ovariectomized mice. Collectively, these data suggest that female mice have a
dampened ability to metabolize cigarette smoke in the airways, leading to the accumulation of
reactive oxygen species in the airways.

Although the central role of TGFB1 signalling on airway fibrosis is known [211], the
upstream mechanisms by which cigarette smoke activates TGFB1 have not been fully elucidated.
In the present study, we showed that female mice when exposed to cigarette smoke demonstrate
increased activation of TGFB1 protein in small airways. Ovariectomy, on the other hand,
suppressed the smoke-related increases in oxidative stress and reduced TGFBI activation in
airway tissues of female mice. We previously showed that cigarette smoke exposure directly
oxidizes the latency-associated peptide (LAP) of TGFB1 by oxidizing cysteine or methionine
residues, causing the active form of TGFB1 protein to be released into tissues [149, 212].
Treatment of mice with tetramethylthiourea (TMTU), a scavenger of reactive oxygen species, on
the other hand, prevents the release of active TGFB1 protein into tissues in response to cigarette
smoke, and suppresses pro-collagen mRNA expression [212]. Once liberated into the tissue,
active TGFB1 binds to TGFBR1/R2 and induces the phosphorylation of SMAD2 and SMAD?3
(pPSMAD2/3), which are key protein mediators in the TGFp-signalling cascade. Direct binding of
PSMAD?2/3 to its response element up-regulates Nox4, a-sma, Coll and Col3 mRNA expression
[163-165]. Consistent with histologic findings of increased airway remodelling, we showed that

Nox4 and a-sma mRNA expression were increased in airway tissues of smoke-exposed female
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but not in male or ovariectomized female mice. Since Nox enzymes are major contributors in
many oxidative damage-related diseases including COPD, twenty-four compounds have been
shown to inhibit Nox4 activity with micromolar IC(50) values of which three were selected for
drug testing and development [213].

To demonstrate whether an increase in estrogen can explain the excess risk for the
chronic smoke-induced airway remodelling in our mouse model, tamoxifen, a selective estrogen
receptor modulator, was delivered subcutaneously as a therapeutic intervention in addition to one
month of smoke exposure. Unlike the blunted effects of phase | and Il xenobiotic gene
expression after 6 month of smoke exposure, airways tissues from female mice were still
responsive to the induction of Cyplal, Cyplbl and Ngol mRNA expression after sub-chronic
(Imonth) smoke exposure. Female mice have disproportionately greater level of Cyplal mRNA
expression than male mice, and tamoxifen treatment attenuated this excess increase to those of
male levels after 1 month of smoke exposure. The interaction between estrogen and smoke-
induced changes in antioxidant appears to be dynamic, and may depend on the duration of smoke
exposure. However, our data provided some evidence that disrupting the estrogen receptor by
tamoxifen affects the transcriptional response of certain estrogen-sensitive antioxidant genes.
Further study is required to understand the kinetics of all phase | and Il xenobiotic enzyme
expression with acute, sub-chronic and chronic smoke exposure.

To translate the impact of estradiol on smoke-induced changes in antioxidant genes from
our in vivo model onto human bronchial epithelial cell culture model, we showed that estradiol
differentially enhanced sub-chronic smoke-induced increase in Cyplal but not Cyplbl and
Ngol mRNA expression, suggesting that phase | and Il xenobiotic enzymes may be

disproportionately regulated at the transcriptional level. Our data has recapitulated clinical
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findings that female smokers have increased Cyplal mRNA and protein expression than male
smokers [196], suggesting the contribution of estrogen on the excess increase in Cyplal mRNA
expression.

Collectively, our data indicate that female mice are more susceptible to airway
remodelling after chronic smoke exposure and this effect appears to be largely affected estrogen
receptor-mediated disruption of the phase I and Il xenobiotic expression, antioxidant capacity to
release the oxidants and the TGFp activation response, thus raising the possibility that targeting
the estrogen receptor and its associated downstream pathways may be important in reducing the

risk of small airway remodelling in female smokers with COPD.
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Chapter 5: Estrogen Increases Mucus Synthesis in Bronchial Epithelial Cells

5.1 Introduction

In most chronic inflammatory diseases of the airway (e.g, asthma, COPD, CF), female patients
generally have more symptoms, worse quality of life and poorer prognosis than male patients
[111, 112]. One pathological link that is common to these conditions is mucus hypersecretion
with plugging of airways [25]. Mucins are large, oligomeric, O-linked glycoprotein with high
molecular weight (2-40MDa) and size (0.5-10um) [214]. As the predominant mucins in the
human airway, MUC5AC is produced mostly by goblet cells, while MUCS5B is produced mainly
in submucosal glands [76, 215]. MUC5AC is thought to be an acute phase product that responds
rapidly to direct contact with environmental insults, whereas MUC5B may be involved in the
chronic inflammatory response to infections [77]. Mucin expression has been shown to be
regulated by a variety of inflammatory mediators including lipopolysaccharide (LPS) [216],
tumor necrosis factor (TNF)-o [217], interleukin (IL)-1 [217], IL-17 [218], IL-13 [219] P
neutrophil elastase [220], and growth factors such as EGF [221], and environmental insults
including cigarette smoke [222] and bacteria [223]. Even in genetically determined diseases such
as CF, in which abnormal mucus secretion is a prominent feature of disease, lung function is the
lowest at ovulation when estrogen levels are elevated [112], raising the possibility that estrogens
may play an active role in this condition. Estrogen receptors alpha and beta exist in normal
human bronchial epithelial (NHBE) cells with ER-B in predominance [224]. However, little is

known whether estradiol plays any role in the regulation of mucus in the airways.

MUC5AC gene expression has been shown to be regulated by a variety of transcription factors

including Forkhead box protein A2 (FOXA2), (NFkB), activating protein 1 (AP1), specificity
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protein (SP1) and cyclic AMP response element binding (CREB) protein [60]. In this study, we
used an in-vitro model of the human airway epithelium and showed that nuclear factor of

activated T-cell c1 (NFATc1) is a novel regulator of estradiol-mediated mucus synthesis.

5.2  Materials and methods

17-B estradiol was purchased from Sigma (St. Louis, MO). MPP [1,3-Bis(4-hydroxyphenyl)-4-
methyl-5-[4-(2-piperidinylethoxy)phenol]-1H-pyrazole dihydrochloride] (ER-o antagonist), and
PHTPP  [4-[2-Phenyl-5,7-bis(trifluoromethyl)pyrazolo[1,5-a]pyrimidin-3-yl]phenol]  (ER-B
antagonist) were obtained from Tocris (Ellisville, MO). Antibodies against ER-a (ab2746), ER-3
(ab3577), and MUCS5AC (ab24071) were obtained from Abcam (Cambridge, MA). Anti-lgG (sc-
2343), HRP-conjugated anti-f-actin (sc-47778), superoxide dismutase —SOD (sc-11407), histone
H3 (sc-8655) and NFATc1 antibody (sc-7294) were obtained from Santa Cruz Biotechnology.
Heat shock protein -HSP90 (610418) antibody was obtained from BD Biosciences (Mississauga,
ON). Goat HRP-conjugated anti-mouse IgG was from BD Pharmingen (Franklin Lakes, NJ) and

goat HRP-conjugated anti-rabbit IgG from Millipore (Billerica, MA).

5.2.1 Cell cultures

This study was approved by the University of British Columbia/Providence Health Care
Research Ethics Board (Number H11-02151 and A13-0207). Written informed consent was
obtained from subjects where appropriate. NHBE cells were purchased from Lonza
(Walkersville, MD) and the International Institute for the Advancement of Medicine (IIAM,
Jessup, PA) (N=4 females, age: 16-45yr). Initially, cells were seeded at passage 0 into T25 flasks
in Bronchial Epithelial Growth Media (BEGM, Lonza) and sub-cultured when 90% confluent.
Cells were seeded in an air liquid interface at passage 4 on a 0.4um semi-permeable membrane

insert (BD Biosciences) in PneumaCult-ALlI medium (StemCell Technologies, Vancouver,
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Canada). Apical media was removed when cells reached 100% confluence while media in the
basal compartment was replaced 3 times per week. At 21 days post-seeding, cells became fully
differentiated, followed by treatment of physiological concentrations of estradiol (E2) (10°M to
10'M) for 2 weeks. Mucus overlying the epithelium in each well was washed with 500pL
warmed PBS and collected every 7 days. ALI cultures were pre-treated with hormone receptor
antagonists 24h prior to the beginning of experiment. 10°M MPP and 10°M PHTPP were added
to the basal media and replaced 3 times per week. 0.01% final concentration of ethanol was used
as a vehicle control. Human airway epithelial cell line (1HAE;) was obtained from Dr Dieter
Gruenert University of California, San Francisco [225] and cultured in DMEM (Gibco BRL;
Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS). Estradiol concentration in media
containing 10% FBS was less than 0.2pg/ml and was negligible compared to the estradiol

concentrations added in culture.

5.2.2 Histological staining

5um sections of paraffin-embedded human lung tissue from N=4 pre-menopausal female
subjects (age: 16-45yr) with normal lung function and ALI cultures were stained for ER-a, ER-j,
MUCS5AC and Ki67 using the high sensitivity universal detection system-MACH kit (Biocare
Medical, Concord, CA) (red). Sections were stained with Periodic Acid Schiff (PAS) for
polysaccharides; nuclei were counterstained with Mayer's hematoxylin, dried overnight at room
temperature and coverslipped in Cytoseal mounting solution. We used a point counting method
to quantify the percentage of cells stained positively for the protein of interest by dividing the
total number of epithelial cells counterstained with hematoxylin in three random fields at 200X
final magnification from 4 different female subjects. PAS-positive cell count was based on

counting nucleus to the nearest apical surface immediately beneath the PAS stain; whereas
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ciliated cells were determined by counting nucleus nearest to the apical surface in cells with cilia
but without PAS staining. Both of these measurements were normalized to the length of the
epithelium in millimeters. To ensure that we accurately quantify the amount of PAS staining, we
also measured the area of the PAS stain and expressed this value as a percentage of the total
epithelial cross sectional area using color segmentation (ImagePro Plus 4.0, Media Cybernetics,
L.P). These experiments were performed in N=4 female donors. The data are shown as mean +

SEM.

5.2.3 Transcription factor activation protein array

A transcription factor (TF) activation profiling plate array from Signosis (FA-1001; Sunnyvale,
CA) was used to screen for activated TFs in nuclear protein extract from female primary NHBE
cells (N=2) stimulated with 10”M estradiol for 24h. A mixture of biotin-labelled probes based on
the consensus sequences of TF DNA-binding sites was incubated with nuclear protein extract for
30 min at room temperature and allowed to form TF/probe complexes. The TF/probe complexes
were separated from free probes through a simple spin column purification step. The bound
probes eluded from the column were denatured at 98°C for 5min and allowed to hybridize with
the biotin-conjugated consensus sequence initially bound on the bottom of each well in a 96-well
plate. The captured DNA probe was detected with streptavidin-HRP. Luminescence was reported

as relative light units on a microplate luminometer. Data were generated from 2 female donors.

5.2.4 Real time PCR

RNA from ALI cultures and 1HAE, cells was isolated using an RNeasy mini extraction kit from
(Qiagen, Germantown, USA). High RNA quality in all samples was confirmed (RNA Integrity

Number greater than 8) using an Agilent BioAnalyzer at The Centre for Applied Genomics
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(TCAG) in Toronto (data not shown). 200ng of RNA was converted to cDNA with random
hexamers using SuperScript 111 reverse transcriptase (Invitrogen, Life Technologies). TagMan
PCR probe-primers sets for FUT-1 (Hs00382532_m1), FUT-2 (Hs00704693_m1), FUT-3
(Hs01868572_m1), FUT-4  (Hs01106466 s1), FUT-5  (Hs00704908 sl1), FUT-6
(Hs00173404 m1), FUT-7 (Hs00237083 ml1), FUT-8 (Hs00189535 ml), FUT-9
(Hs00276003_m1) (Applied Biosystem-ABI, Carlsbad, CA), and NFATcl, NFATc2, NFATc3,
NFATc4, MUC5AC and HPRT1  (sequences  obtained  from  primerbank
http://pga.mgh.harvard.edu/primerbank/ and synthesized by Invitrogen) were used to create and
quantify PCR products with iTag™ Universal SYBR® Green Supermix (172-5850; Biorad)
using an ABI 7900HT real-time qPCR machine using the A“T method of relative quantification
with HPRT1 as the housekeeping gene. mRNA expression were plotted as mean £ SEM. Data

were generated from N=4 female donors.

5.2.5 Western blot analysis

For western blot analysis, ALI cultures were mechanically detached in ice-cold phosphate-
buffered saline (PBS) using rubber cell scrapers, and pelleted by centrifugation at 17,000x
gravity for 8 minutes. Cells were lysed in cytoplasmic extraction buffer (Thermo scientific,
Ontario, CAN) for 30 minutes at 4°C on a rotating apparatus and the supernatant was collected
and stored at -80°C. Nuclear protein was subsequently extracted in nuclear extraction buffer from
the pellet after centrifugation according to the manufacturer. 15ug of cellular protein lysates
from ALI cultures were resolved by 10% SDS-PAGE and transferred to a nitrocellulose
membrane (Millipore, Bedford, MA). Membranes were incubated with a final concentration at
lug/ml of primary antibodies against ER-a, ER-B, NFATc1, MUCS5AC, HSP90 (housekeeping

protein) or (LTA-lotus tetragonolobus asparagus pea: H1601-1, AAA-anguilla anguilla lectin
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from fresh water eel: H4901-1, and UEA-1-ulex europaeus lectin from gorse: H2201-1) lectins
(EY Laboratories Inc., San Mateo, CA) followed by incubation of secondary HRP-conjugated
anti-rabbit, anti-mouse and beta-actin antibodies for 1h at room temperature, and visualized
using an enhanced chemiluminescence substrate (Thermo Scientific, Ontario, CAN) and a
Chemigenius imaging system (Syngene, Cambridge, UK). Data were generated from N=4 female

donors.

5.2.6 Small interfering RNA treatment

The role of NFATc1 in mediating the effect of estrogen in the transcription of MUC5AC was
examined using small interfering (si)RNA siNFATc1 to silence NFATc1 mRNA. siNFATc1 (sc-
156125) was purchased from Santa Cruz Biotechnology. The siRNA Universal Negative Control
(S1C001) was used. 100nM of siNFATc1, and siRNA negative control were used for transfection
using Nanoparticle siRNA Transfection System (N2913) from Sigma according to the
manufacturer's procedures. 1HAE, cells were transfected for 48h prior to estradiol stimulation at
10"M for 24h, followed by harvesting for RNA and protein. Data were generated from 3

independent experiments.

5.2.7 DNA gel

1.1% wi/v UltraPure Agarose (16500-500; Life Technologies) was dissolved in Tris-acetate-
EDTA buffer (B49; Life Technologies) for the electrophoresis of nucleic acids. 200ng of RNA
was converted to cDNA using iScript cDNA synthesis kit (170-8891; Biorad). NFATcL,
NFATc2, NFATc3, NFATc4 DNA products were generated using forward/reverse primers, and
Platinum Tag DNA polymerase (10966-018; Life Technologies) as per the instruction of the

manufacturer. DNA products were mixed with (6X) DNA gel loading dye (R0611; Life
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Technologies), and 10ul was loaded onto each lane and subjected to electrophoresis at 80V for
2h. 0.5ug of 100bp DNA ladder per lane was loaded as internal size control for products of

interest. Bands on the DNA gel were visualized using standard ultraviolet (UV) radiation.

5.2.8 Cytotoxicity

An In Situ Apoptosis Detection Kit was used to detect apoptotic cells in paraffin-embedded ALI
culture sections (Trevigen; Gaithersburg, MD). We used a TACS*XL®-DAB In Situ Apoptosis
Detection Kit to detect nuclear DNA fragmentation as an indicator of cell apoptosis. This is
performed in situ by incorporating labeled nucleotides (BrdU) onto the free 3'-OH ends of DNA
fragments using a terminal deoxynucleotidyl transferase enzyme (TdT). Biotinylated anti-BrdU
antibody and streptavidin-HRP were used for visualization of DNA fragmentation. Apoptotic
cells were stained in brown and nuclei were counterstained with methyl green. Data were

generated from N=4 female donors.

5.2.9 Statistical analyses

For statistical analysis of histochemical staining, immunohistochemistry and western blotting,
non-parametric t-test was used to compare between two groups. One-way ANOVA with
Bonferroni's test was used to account for multiple comparisons where appropriate. Statistical
significance for all analyses was considered at P<0.05 using GraphPad Prism version 6

(GraphPad Software Inc, San Diego, CA, USA). All data values are expressed as mean + SEM.
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53 Results

5.3.1 Estrogen receptor beta is the predominant form in the human airway epithelium

To confirm the expression of estrogen receptors in the human airway epithelium in
human tissues and cells in culture, human breast tumour sections and breast cancer cell line
(MCF-7) were used as positive controls for the detection of ER-o. and ER-B by immunostaining
and western blot, respectively (Figure 5.1A-D). Intact human female airway tissue was used as a
positive control for MUC5AC protein expression, an indicator for goblet cells (Figure 5.1E), and
PAS-staining for total glycoprotein (Figure 5.1F).

Next, we evaluated the expression of the two estrogen receptors ER-a (68kDa) and ER-3
(55kDa) in the large airways of female subjects in the pre-menopausal age group (15-45 years)
with normal lung function (Figure 5.2 A-C) and in ALI cultures (Figure 5.2 D-F) by
immunohistochemistry. To further confirm the specificity of the ER-a and ER-f antibodies, we
have also performed western blot using cytoplasmic and nuclear protein fractions from control
ALLI cultures. Beta-actin, superoxide dismutase (SOD) and histone 3 were used as house-keeping
protein, cytoplasmic and nuclear-specific markers, respectively (Figure 5.2G). Western blot data
showed that ER-B protein was the predominant form of estrogen receptor in both cytoplasmic
and nuclear compartment of control ALI cultures, with greater expression in the cytoplasm. This
observation was reflected in the quantification of estrogen receptors by immunohistochemistry
where ER-B was the predominant form of estrogen receptor with 38.2+9.9% and 31.6+4.3% of
epithelial cell population resided in the nuclear compartment by cell counting in intact tissues

and ALI cultures, respectively (Figure 5.2H).
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Figure 5.1: Determining the specificities for estrogen receptors and goblet cell expression

A) Negative control, B) ER-a and C) ER-f immunostaining in human breast tissue sections as
positive control were shown. D) ER-a and ER- protein expression in breast cancer cells (MCF-
7) as positive control were shown by Western blot. E) MUC5AC immunostaining in human lung
tissues as positive control for MUCS5AC staining (red). F) PAS-staining in human lung tissues as
positive control for PAS-staining (purple). Scale bar=50um. All sections were counterstained by
hematoxylin.
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Figure 5.2: Estrogen receptor expression in human female airway tissues and NHBE cells
in air liquid interface.

Negative control (A,D), estrogen receptor (ER)-a (B,E) and ER-B (C,F) in excised human large
airways of control lungs and in air liquid interface (ALI) cultures by immunohistochemistry were
shown respectively. G) ER-a and ER- protein expression in cytoplasmic and nuclear fraction of
control ALI cultures were shown by western blot (WB). B-actin, superoxide dismutase (SOD)
and histone 3 were used as house-keeping protein, cytoplasmic, and nuclear-specific markers,
respectively. Representative WB images of N=4 in duplicate lanes is shown. H) Quantification
of positive cell staining of nuclei in red is expressed as a percentage of total cells on the
epithelium of intact human airways and in control ALI cultures. Images are representative of
N=4 female excised airways and N=4 ALI cultures. Sections were counterstained with
hematoxylin for nuclei (blue) and positive stains were indicated by red arrows. (5um sections;
scale bars=50um). Non-parametric t-test was used in panel H. *P<0.05 represents statistical
significance.
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5.3.2 Estradiol increases PAS-positive cell count in ALI cultures.

Incubation of mucociliated NHBE cells in ALI with estradiol (in physiologic concentrations) for
2 weeks resulted in a concentration-dependent increase in the total % PAS-stained area, and
PAS-positive cell count, which was normalized to the total length of the epithelium in
millimeters (Figure 5.3A; purple color stain indicates PAS-positive cells; scale bar = 50um). The
total cell count, as measured by the number of nuclei, did not change with all treatment groups
(Figure 5.3B). The % area of PAS staining increased from a baseline control value of 5.5+0.5 to
11.4+0.8 with 10”7 M estradiol treatment and reduced to 7.7+1.0 with PHTPP, but not with MPP,
at a concentration of 10°M (Figure 5.3C). All PAS-positive cells were localized to the apical
compartment of the epithelium. Total number of PAS-positive cells on the apical surface was
increased from a baseline control value of 43+3 to 92+10 and 11846 per mm epithelium in the
presence of 10°M and 10" M estradiol, respectively, and was attenuated with 10°M PHTPP, but
not with 10°M MPP (Figure 5.3D; black bar = PAS-positive cells). ALI cultures treated with 10°
"M estradiol resulted in a decrease in total ciliated cell count from 15049 to 63+4 per mm
epithelium, and was restored to baseline control values with 10°M PHTPP, but not with MPP

antagonist (Figure 5.3D; white bars = ciliated cells).
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Figure 5.3: Effect of estradiol on periodic acid schiff (PAS)-positive cell staining in air
liquid interface (ALI) cultures.

A) ALI cultures (N=4) were treated with estradiol (vehicle control, 10°, 10, 10'M) and ER-a
(10°M MPP) or ER-B (10°M PHTPP) antagonists for 2 weeks. Images are representative of 4
female donors (5um sections; scale bars=50um). B) Total cell count normalized to millimeters of
epithelium by manual counting of nuclei counterstained with hematoxylin (N=4). C)
Quantification of the percentage of PAS stain of the entire cross section of the epithelium
(**P<0.01, ****P<0.0001 against control, #P<0.05 against 10"M estradiol-treated group). D)
Quantification of cell count for PAS-positive cells and ciliated cells in the apical compartment of
the epithelium with increasing estradiol concentration, and in the presence of 10°M PHTPP or
MPP with a single fixed concentration of estradiol at 10'M (N=4). * P<0.05, ## P<0.01 and
*xxx[HH#H P<0.0001 compared against vehicle control, +++ P<0.001 and ++++ P<0.0001
compared against 107M estradiol. One-way ANOVA with Bonferroni's multiple comparisons
tests were used in all analyses.
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5.3.3 Estradiol increases MUCS5AC expression in ALI cultures

To further determine the increase in PAS-positive cells correlated in mucin protein expression,
MUCS5AC immunostaining was performed in control and 10”M estradiol-treated ALI cultures
(Figure 5.4A; red arrow indicates goblet cells; scale bar = 50um). In baseline vehicle control
cultures, ciliated cells were the predominant cell type and accounted for 93.6+1.1% of epithelial
cells, while goblet cells accounted for 6.3+1.1% (Figure 5.4B). The percentage of goblet cells
increased from 6.3+1.1% in vehicle control to 39.9+4.7% in 10”'M estradiol. Treatment with 10°
"M estradiol for two weeks decrease the percentage of ciliated cells from 93.6+1.1% in vehicle
control to 60.1+4.7%. Quantification of MRNA transcripts by quantitative real-time PCR showed
that 10"M estradiol increased MUC5AC mRNA expression from 1.0+0.3 to 2.1+0.4 compared
to vehicle control (Figure 5.4C). Estradiol increased MUC5AC protein by 1.8+0.2 fold above
vehicle control in apical ALI culture secretion after normalizing by the volume of apical wash
per well (Figure 5.4D, red arrow indicates MUCS5AC protein; figure 5.4E is the densitometry of

5.4D).
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Figure 5.4: Effects of estradiol on MUC5AC mRNA and protein expression in ALI
cultures.

A) MUC5AC immunostaining in ALI cultures treated with 107M estradiol for 2 weeks (goblet
cells indicated by red arrows and counterstained with hematoxylin of nuclei). B) Quantification
of the number of goblet cells and ciliated cells in the apical compartment of estradiol-treated ALI
cultures expressed as a percentage of all cells in the apical compartment. #### P<0.0001 and
**** P<0.0001 compared between treatment group vs. vehicle control. C) MUC5AC mRNA
expression normalized to HPRT1 housekeeping using real time PCR. D) MUC5AC protein
present in ALI culture secretion was analysed by western blot, normalized by the total volume of
apical washes per well and quantified by densitometry in panel E. All values shown are mean *
SEM from N=4 female donors. Non-parametric t-tests were used in all analyses.
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5.3.4 Estradiol increases nuclear factor of activated protein c1 (NFATc1)

A transcription factor (TF) activation profiling plate array was used to screen for activated TFs in
the nuclear protein extract from primary NHBE cells in monolayer that were treated with 10™'M
estradiol for 24h (Figure 5.5A-B). The dotted line in figure 5.5B indicated a threshold of a 2-fold
increase in luminescence (estradiol-treated cells over vehicle controls). Estradiol increased the
expression of total NFAT protein by 10 fold in the nuclear fraction of NHBE cells after 24h of
incubation. We further investigated the presence of NFAT and its role in regulating MUC5AC
MRNA and protein expression with estradiol stimulation in ALI cultures. We showed that ALI
cultures expressed all four isoforms of NFAT mRNA: NFATcl, NFATc2, NFATc3 and
NFATc4 at baseline levels in vehicle controls with values expressed as absolute change in C;
values and normalized to HPRT1 (Figure 5.6A). Estradiol increased NFATc1 mRNA by 3.8+1.0
fold (Figure 5.6B), and protein expression by 2.2+0.3 fold over control after two weeks (Figure
5.6C-D). No changes were observed in NFATc2 and NFATc4 mRNA expression with estradiol
treatment; however NFATc3 mRNA was attenuated from 1.0+0.2 to 0.7+0.06 fold below vehicle

control level.
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Figure 5.5: Transcription factor expression panel demonstrates increased total nuclear
factor of activated T-cell (NFAT) protein in the nuclear fraction of primary female NHBE
cells after 10”'M estradiol treatment for 24h.

Data are expressed as (A) relative fold increase in luminescence unit over vehicle controls. The
dotted line indicates a threshold of a 2-fold increase in protein expression in estradiol-treated
cells compared to vehicle controls. NFAT protein is indicated by red arrow. Values shown are
mean £ SEM from N=2 female NHBE cell donors.
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Figure 5.6: NFAT mRNA and protein expression in ALI cultures after 2 weeks of estradiol
treatment.

A) Quantitative real-time PCR demonstrates baseline vehicle control mRNA expression of
NFAT (cl-c4) expressed as absolute C; value normalized to HPRT1. B) NFATcl-c4 mRNA
expression normalized to HPRT1 in vehicle vs. 10"M estradiol-treated cultures for 2 weeks. C)
Western blot showed total NFATc1 protein expression with HSP90 housekeeping protein in
vehicle vs. 10'M estradiol-treated ALI cultures and quantified by densitometry in panel D.
*P<0.05 and **P<0.01 compared between treatment group vs vehicle control using non-
parametric t-test and expressed as fold increase over control in panel B and D.
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5.3.5 NFATc1 siRNA attenuated estradiol-induced increase in MUCS5AC expression

In order to demonstrate whether NFATcl plays any role in regulating MUC5AC mRNA
expression, we used 1HAE, cells as a model. Baseline mMRNA expression levels of NFATcl-c4
in control 1HAE, cells are shown in Figure 5.7A. 10""M estradiol treatment increased NFATc1,
but not NFATc2-c4, mRNA expression by ~2.5 fold after 24h (Figure 5.7B). We further showed
a time-dependent increase in NFATc1 mRNA with 107M estradiol, which peaked at 4h with a
5.9+0.9 fold increase and declined to 2.5+0.3 fold above control at 24h (Figure 5.8A). A time-
dependent increase in MUC5AC mRNA was also observed with estradiol stimulation, which
peaked at 24h with a 2.2+0.3 fold increase above control (Figure 5.8B). We silenced NFATcl
with siNFATc1 for 48h prior to the addition of 107M estradiol for 24h and observed changes in
MUC5AC mRNA expression. 107M estradiol (E2) and siCon+E2 increased NFATc1 mRNA by
1.7+0.2 and 1.6£0.2 fold over control, respectively (Figure 5.8C). The use of sSINFATc1 in the
presence of estradiol attenuated NFATc1l mRNA to 0.7+0.2 fold below the control group with
statistical comparison with the siCon+E2 treated group. 10”M estradiol (E2) and siCon+E2
increased MUC5AC mRNA by 2.3+0.4 and 2.0£0.1 fold over control, respectively (Figure
5.8D). MUC5AC mRNA levels were attenuated by siNFATcL in the presence of estradiol to
1.2+0.2 fold above the control group with statistical comparison with siCon+E2 treated group.
NFATc1 siRNA alone reduced NFATc1l mRNA expression by ~50%, while NFATc2-c4 mRNA
expression was unchanged after 48h of siNFATc1 treatment (Figure 5.8E). 100nM NFATc1
SiRNA treatment in 1HAE, cells for 48h significantly reduced NFATc1 protein expression by
~70% (control: 1.0+0.03 and siNFATc1: 0.3+£0.05) after normalization to HSP90 (Figure 5.8F-
G). Furthermore, we showed that 10”M estradiol (E2) and siCon+E2 increased total cellular

NFATcl protein by 6.0+0.8 and 6.0+0.8 fold over control (Figure 5.9A-B). The use of
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SINFATcl attenuated estradiol-stimulated NFATcl protein to 4.1+0.4 fold over control.
Similarly, 10'M estradiol (E2) and siCon+E2 increased total MUC5AC protein levels by
8.5+2.2 and 7.8+0.9 fold over control. This was attenuated to 4.6+0.6 fold over control with
SiINFATc1 treatment (Figure 5.9C-D). Primer specificities were confirmed by the presence of a
single DNA product in 1.1% agarose gel (Figure 5.9E). Collectively, these data suggest that

NFATCc1 is a novel regulator of estradiol-mediated increase in MUCS5AC expression.
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Figure 5.7: Characterization of NFATcl1-4 mRNA expression and effect of estradiol in
1HAE, cells.

A) Baseline mRNA expression of NFAT (c1-c4) in 1HAE, cells quantified by real-time PCR
expressed as absolute change in C; value normalized to HPRT1. B) NFATcl-c4 mRNA
expression normalized to HPRT1 in cells treated with 107M estradiol for 24h. Data are
expressed as fold increase over vehicle controls. Values shown are mean £ SEM of experiments
performed in 3 independent experiments. ****P<0.0001 compared against vehicle control in
each gene using non-parametric t-test in B-C.
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Figure 5.8: Effects of estradiol and NFATcl-specific sSiRNA on NFATcl and MUCS5AC
MRNA expression in IHAE, cells.

A) Quantitative real-time PCR demonstrates 10”'M estradiol stimulates a time-dependent
increase in NFATc1 mRNA/HPRT1 expression with maximal increase at 4h. B) 10”M estradiol
stimulates a time-dependent increase in MUC5AC mRNA/HPRT1 expression with maximal
increase at 24h. C) 10'M estradiol treatment increases NFATcl mRNA/HPRT1 expression in
cells 48h post-transfection with scrambled control siRNA (siCon+E2) and this effect is reduced
by transfection with NFATc1 siRNA (siNFATc1+E2). D) MUC5AC mRNA/HPRTL1 expression
was increased by 24h treatment with 10”M estradiol (E2) with scrambled siRNA transfection
(siCon+E2), but was attenuated by transfection with NFATcl siRNA (SINFATcl+E2). E)
NFATcl-c4 mRNA expression in cells treated with 100nM NFATcl siRNA for 48h. F) A
representative western blot of NFATc1 protein knockdown expression with 100nM NFATcl
SiRNA treatment for 48h and quantified by densitometry in G) with N=3. Values shown are
mean = SEM of experiments performed in 3 independent experiments. *P<0.05, **P<0.01,
***pP<0.001 and ****P<0.0001 using one-way ANOVA with Bonferroni's test in A-D and non-
parametric t-test was used in E and G.
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Figure 5.9: NFATcl siRNA attenuated estradiol-induced increase in NFATcl and
MUCS5AC protein expression in 1HAE, cells.

A-B) 24h 107"M estradiol treatment alone (E2) and 48h post-transfection with scrambled siRNA
(siCon+E2) increases total cellular NFATc1 protein expression (normalised to HSP90). The
effect of E2 is attenuated in cells transfected with siRNA against NFATcl (siNFATc1l+E2). C-
D) Total cellular MUCSAC protein/HSP90 expression was increased by 10”'M estradiol alone
(E2) and in scrambled siRNA controls (siCon+E2), but was attenuated by transfection with
NFATcl siRNA (SINFATc1+E2) treatment. Values shown are mean + SEM of experiments
performed in 3 independent experiments. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001
using one-way ANOVA with Bonferroni's test in all analyses. E) NFATc1-c4 primer specificities
were confirmed in a DNA gel with single product. A 100bp DNA ladder was indicated.
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54 Discussion

Mucus hypersecretion with plugging of airways is one pathological finding that is
common to most chronic inflammatory airway disease [25]. As the predominant form of mucin
in the human airway, MUCS5AC is produced mainly in goblet cells in the surface epithelium
[215]. In this study, we used a fully differentiated airway epithelial cell culture model with
pseudostratified phenotype grown in an air liquid interface and showed that estradiol increases
both mRNA and protein expression of MUC5AC and modifies glycosylation of mucins in
human airways. Additionally, we found that this effect is largely mediated by estrogen receptor
beta. Inhibition of estrogen receptor beta by 10°M PHTPP attenuated estradiol-related increase
in the number of goblet cells in the bronchial epithelium.

To further characterize the mechanism by which estradiol regulates mucin, we performed
protein microarray analysis consisting of a panel of transcription factors. Total activated nuclear
factor of activated T-cell (NFAT) was increased in the nuclear fraction of NHBE cells after
estradiol stimulation for 24h. Although NFAT protein was originally discovered in T-cells,
studies have shown that they are expressed in the human airway epithelium and possess some
interesting functional properties. For instance, Dave et al. showed that NFATc3 is a direct
activator of surfactant protein A, B, and C, and Forkhead box protein Al and A2 genes in the
airway epithelium during lung maturation [226]. NFATc3 has also been shown to directly
interact with thyroid transcription factor-1 in lung epithelial cells to regulate surfactant protein D
gene [227]. In our study, NFATcl, NFATc2, NFATc3 and NFATc4 mRNA were confirmed to
be expressed in both primary cells in ALI culture and in 1HAE, cells. We showed that NFATc1
and MUC5AC mRNA and protein expression were increased with estradiol in both primary cells

in ALI culture and 1HAE, cells. To determine whether NFATc1 plays a role in regulating
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MUCS5AC mRNA expression, we silenced NFATc1 in 1HAE, cells with siNFATc1. siNFATcl
blunted estradiol-related increases in NFATc1 and MUC5AC mRNA and protein expression.
Collectively, these data demonstrate that NFATcl regulates estradiol-mediated mucus
production in human bronchial epithelium. Additional studies will be needed to pinpoint the
precise mechanisms by which NFATc1 modifies MUC5AC in the presence of estradiol.

In addition to the regulation of MUC5AC mRNA and protein synthesis, our findings
indicate that estrogens affect post-translational modification of mucin. In our ALI model, we
observed an increase in the mRNA expression of fucosyltransferase as well as total fucose
residues in the cytoplasmic fraction of ALI using three different lectins (UEA-1, AAA and LTA)
that specifically bind to the same a-1,2 fucose residues present on all protein (Appendix 1A-H).
How estrogens modify fucosylation is uncertain. Estradiol may directly increase the expression
of fucosyltransferase or indirectly by increasing the number of goblet cells containing these
enzymes. Additional studies will be needed to unravel the underlying mechanisms for this
observation.

The clinical relevance of increased protein glycosylation of mucin is uncertain. It is now
well known that post-translational modification of glycoprotein with fucose, for instance, is
essential for normal embryonic growth and development, fertility, and immune function [228].
Alterations in the expression of fucosylated glycans and their cognate fucosyltransferases have
been observed in multiple pathologic processes involving inflammation, cancer, and numerous
oncogenic events involving signaling events by the Notch receptor family [229]. Moreover,
opportunistic bacteria often use lectins (which are protein receptors with high specificity for
glycoconjugates) to recognize and adhere to human tissues [223]. Fucosylated glycoconjugates

are present in high quantity in CF lungs and may be a target of lectins from pathogenic bacteria
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such as Pseudomonas aeruginosa [223]. This may increase the risk of infection by Pseudomonas
aeruginosa in the context of CF.

It is important to note several limitations in our current study. First, the ALI culture in our
model was not exposed to the fluctuating concentrations of estradiol over a period of 28 days that
resembled the female menstrual cycle. In our current model, we used fixed concentrations of
estradiol to examine the regulation of MUC5AC mRNA and protein expression. Second, for
clinical relevance, we only used female NHBE cells to model the increased level of estrogen in
pre-menopausal period but we do not know if NHBE cells from males would behave differently.
Third, although the hormone receptor antagonists we employed have high levels of specificity
[230, 231], there may be minor off-target effects that could not be fully accounted for in our
analysis. Fourth, it is possible that estradiol may fundamentally alter cellular proliferation of the
entire epithelial layer. To determine whether estradiol altered cell proliferation, we stained the
ALI cultures with Ki67 (Appendix 2A-C). It was reassuring that estradiol treatment did not
change the total cell numbers and did not induce cellular apoptosis. It only slightly increased
Ki67 cell positivity, suggesting a slight prolongation of cell cycle. Finally, while we measured
total mucus expression, we did not evaluate other aspect of mucus homeostasis in airways
including viscoelastic properties of mucus, mucus clearance, and the effect of mucus on airway
resistance.

Notwithstanding these limitations, our data maybe relevant to chronic airway diseases
such as asthma because an increase in goblet cells is associated with mucus plugging in the small
airways, which has been shown to be the single most important pathologic predictor of increased

mortality in severe COPD [25]. Our study demonstrates that estradiol may play an important role
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in modulating mucus expression in the human airway epithelium, which may impact on disease

expression in women who are susceptible to chronic airway diseases.
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Chapter 6: Silencing NFATc2 by siRNA Blunted Progesterone-Induced Increase in
MUCS5AC Synthesis in Human Bronchial Epithelial Cells

6.1 Introduction

Large epidemiologic studies have revealed that female patients with asthma, chronic obstructive
pulmonary disease (COPD), and cystic fibrosis (CF) generally have more symptoms and poorer
prognosis than male patients [12, 111, 112]. For many years, female sex hormones have been
studied in sexual development but their effects in non-reproductive tissues are increasingly being
recognized [11]. One important pathologic link that is common to these conditions is airway
mucus hypersecretion (particularly mucin-MUC5AC and MUCS5B), which contributes to
increased morbidity and mortality [25]. However, the exact biological mechanisms for the sexual

dimorphism in airways disease need to be clearly defined.

The nuclear factor of activated T-cells (NFAT) family of transcription factors consists of four
unique proteins (NFATc1l, NFATc2, NFATc3 and NFATc4) that are expressed in a variety of
cell types including T cells, B cells, mast cells, natural killer cells and eosinophils, which are
regulated by calcium/calcineurin-dependent signaling mechanism [232, 233]. Although NFAT
protein was initially discovered in T-cells, studies have showed that they are expressed in the
human airway epithelium with functional relevance. For example, Dave and colleagues showed
that NFATc3 is a direct activator of surfactant protein A, B, and C, and Forkhead box protein Al
and A2 genes in the airway epithelium during lung maturation [226]. In an in-vitro model using
mouse tracheal epithelial cells cultured in air liquid interface (ALI), interleukin (IL)-13 induced
MUCS5AC expression via calcinerin-dependent NFATc4 signaling [234]. In a mouse model of

asthma, Takeda showed that ovalbumin-sensitized female mice have greater mucus-producing
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cells in the airway epithelium than those in male mice [235]. Female mice deficient in nuclear
factor of activated T-cell (NFAT)-c2 was partially protected from ovalbumin-induced increase in
mucus-producing cells in the airways compared to wild type mice [236]. However, whether
female sex hormones have any direct impact on the airway epithelium is largely unexplored [9,
10]. We have previously showed that estrogen increases mucus production by up-regulating
MUCS5AC expression potentially through NFATcl [237]. In this study, we postulate that

progesterone regulates MUC5AC expression in NHBE cells cultured in ALL.

6.2 Methods

6.2.1 Cell cultures

This method was previously described with modification [237]. Normal human bronchial
epithelial (NHBE) cells were obtained from Lonza (Walkersville, MD) or cells were isolated
using pronase digestion from lungs donated for research through the International Institute for
the Advancement of Medicine (IIAM, Jessup, PA) (N=4 females, age: 16-45yr) [238]. Airway
epithelial cells (AECs) were initially cultured in Bronchial Epithelial Growth Media (BEGM,
Lonza) and sub-cultured at 90% confluence. At passage 2, cells were trypsinized and seeded on
12 well, 0.4um semi-permeable inserts (BD Biosciences) and allowed to expand to confluency in
PneumaCult™-ALI media (StemCell Technologies, VVancouver, Canada). At 100% confluence,
the apical media was removed and the air liquid interface (ALI) culture was allowed to
differentiate for 21 days. ALl cultures were pre-treated with 10M progesterone receptor
antagonist, mifepristone (1479, Tocris; Ellisville, MO) or 0.01% final concentration of ethanol
was used as a vehicle control, for 24h prior to stimulation with physiological concentrations (10

to 107M) of progesterone (P3972, Sigma; St. Louis, MO) three times per week with fresh basal
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media for 2 weeks. Mucus overlying the epithelium in each well was washed with 500pL of
warm phosphate-buffered saline (PBS) and was collected every 7 days.

Human airway epithelial cell line (1HAE,) was obtained from Dr. Dieter Gruenert (University of
California, San Francisco) [225] and used as a model for gene silencing. 1HAE, cells were
cultured in DMEM (Gibco BRL; Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (FBS)

and reduced to 1% FBS 24h prior to progesterone treatment.

6.2.2 Histological staining

Breast tumor tissues were used to confirm the specificity of the progesterone receptor (PR)-A/B
antibody (ab2764, Abcam; Cambridge, MA) using the high-sensitivity universal detection
system-MACH kit (Biocare Medical, Concord, CA) (red). Human male (N=5) and female (N=5)
lung tissues (age 16-50), obtained from donor lungs through the IHAM, were formalin-fixed,
paraffin-embedded and 5um thick sections were taken for staining with (PR)-A/B antibody and
nuclear factor of activated T-cell (NFAT)c2 antibody (sc13034, Santa Cruz; Dallas, Texas, USA)
using the DAKO Liquid DAB+ Substrate Chromagen System (DAKO, Burlington, ON). Mouse
anti-lgG (sc-2343) was used as negative control. To quantify PR-A/B and NFATc2 protein
expression, we measured the area of positive staining (brown) and expressed as a percentage of
the total epithelial cross-sectional area using color segmentation (ImagePro Plus 4.0, Media
Cybernetics, L.P.).

Paraffin-embedded human ALI culture sections were stained with Periodic Acid Schiff (PAS) for
the detection of polysaccharide-rich mucus-producing cells, and MUC5AC (ab24071, Abcam;
Cambridge, MA) antibody using the high-sensitivity universal detection system-MACH kit
(Biocare Medical, Concord, CA) (red), dried overnight at room temperature and cover-slipped in

Cytoseal mounting solution. Total PAS-positive cells were normalized to the length of the
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basement membrane in millimeters. Total MUCS5AC-positive cells were expressed as a
percentage of the total number of nuclei stained by hematoxylin on the apical epithelium. Data

were expressed as mean = SEM of experiments from N=4 female donors.

6.2.3 Transcription factor activation protein array

The transcription factor (TF) activation profiling plate array from Signosis (FA-1001; Sunnyvale,
CA) was used to screen for activated TFs in nuclear protein extract from female primary AECs
monolayers stimulated with 10”M progesterone or ethanol vehicle control for 24h. Data are
expressed as absolute and fold change in luminescence units relative to vehicle controls from

N=2 female donors.

6.2.4 Real time PCR

RNA from ALI cultures and 1HAE, cells were isolated using an RNeasy mini extraction kit
(Qiagen, Germantown, USA). Total RNA was reverse transcribed into cDNA using the iScript
cDNA synthesis kit according to the manufacturer's protocol (Biorad, Mississauga, ON).
NFATcl, NFATc2, NFATc3, NFATc4, MUC5AC, MUC5B and HPRT1 primers (sequences
obtained from primerbank http://pga.mgh.harvard.edu/primerbank/ and synthesized by
Invitrogen) were used to create PCR products using the Biorad CFX384 real-time gPCR machine
(Ontario, Canada) and using the A®" method of relative quantification with HPRT1 as

housekeeping gene. mMRNA expression were plotted as mean £ SEM from N=4 female donors.

6.2.5 Western blot analysis

15ug of cellular protein lysate from breast cancer cell line (MCF-7) was resolved using a 10%
SDS-PAGE with reducing conditions and transferred on nitrocellulose membrane (Millipore,

Bedford, MA). Membranes were incubated with primary mouse antibody against PR-A/B

105



(ab2764, Abcam; Cambridge, MA) overnight at 4°C, followed by incubation with secondary
HRP-conjugated anti-mouse 1gG (553391, BD Pharmingen; Franklin Lakes, NJ) at room
temperature, and visualized using an enhanced chemiluminescence substrate (Thermo Scientific,

Ontario, CAN) and a Chemigenius imaging system (Syngene, Cambridge, UK).

6.2.6 Small interfering RNA treatment

SINFATc2 (sc-36055) was purchased from Santa Cruz Biotechnology and siRNA Universal
Negative Control (SIC001) from Sigma-Aldrich. 100nM of siNFATc2, and negative control
SIRNA were transfected into human airway epithelial (LHAE) cell line using Lipofectamine®
LTX Reagent with PLUS™ Reagent (15338100, Life Technologies) according to the
manufacturer's procedures. For the kinetic study, 1HAE, cells were transfected for 48h prior to
progesterone stimulation at 107M for Oh, 1h, 2h, 4h and 24h, followed by RNA extraction for
NFATc1-c4 mRNA expression analyses. For gene silencing study, 1HAE, cells were transfected
for 48h prior to progesterone stimulation, followed by RNA extraction for NFATcl-c4 and

MUCS5AC mRNA expression analyses.

6.2.7 DNA gel

1.1% wi/v UltraPure Agarose (16500-500; Life Technologies) was dissolved in Tris-acetate-
EDTA buffer (B49; Life Technologies) for the electrophoresis of nucleic acids. 200ng of RNA
was converted to cDNA using iScript cDNA synthesis kit (170-8891; Biorad). NFATcL,
NFATc2, NFATc3, NFATc4 DNA products were generated using forward/reverse primers, and
Platinum Tag DNA polymerase (10966-018; Life Technologies) as per the instruction of the
manufacturer. DNA products were mixed with (6X) DNA gel loading dye (R0611; Life

Technologies), and 10ul was loaded onto each lane and subjected to electrophoresis at 80V for
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2h. 0.5ug of 100bp DNA ladder per lane was loaded as internal size control for products of

interest. Bands on the DNA gel were visualized using standard ultraviolet (UV) radiation.

6.2.8 Statistical analysis

One-way ANOVA followed by Dunnett's multiple comparisons test was used to determine
statistical significance of multiple treatment conditions versus control (Prism version 6;
GraphPad Software, San Diego, CA). Two-way ANOVA with Bonferroni's multiple
comparisons test was used to compared the kinetic response between treatment conditions versus
controls. Two-tailed, unpaired t test was used for two category comparisons. Statistical

significance for all analyses was considered at p<0.05.

6.3 Results

6.3.1 Progesterone receptor expression in human airway tissues and ALI cultures

We first evaluated the specificity of the progesterone receptor antibody in human breast
tumor tissue as positive control by immunohistochemistry (Figure 6.1A-B), and protein lysates
from the breast cancer cell line (MCF-7) by Western blot, which detected both isoforms of
progesterone receptors: PR-A (84kDa) and PR-B (120kDa) (Figure 6.1C). Using this antibody,
we showed no sex differences in PR-A/B expression in normal human airway epithelium of male
and female donor lung tissues (Figure 6.1D-F). Therefore, all subsequent in-vitro experiments
were focused on airway epithelial cells derived from female donor lungs. Histologic analysis
revealed that PR-A/B expression was localized in the apical compartment of the airway

epithelium in lung tissues and ALI cultures (Figure 6.1D, E, G).
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Figure 6.1: Progesterone receptor antibody specificity and protein expression in human
airway epithelium.

A-B) Human breast tissue sections were used as positive controls for the binding specificity of
progesterone receptor (PR-A/B) antibody. Negative control=replacement of primary antibody
with IgG. C) This antibody resolved two isoforms of progesterone receptors: PR-A (90kDa) and
PR-B (120kDa) in breast cancer cell line (MCF-7). Representative image of total PR positivity in
the apical compartments of human D) male and E) female airway tissues with quantification of
total PR expressed as percentage of the cross-sectional area of the epithelium in panel F. G)
Female ALI cultures expressed PR in the apical compartment of the airway epithelium. Tissues
were counterstained with hematoxylin. Scale bars=50um.
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6.3.2 Mifepristone attenuated progesterone-stimulated increase in PAS-positive cell

staining in ALI cultures

To characterize the effects of progesterone on mucus production, paraffin-embedded ALI
culture sections were stained with periodic acid-Schiff (PAS) for the detection of glycoprotein in
mucus-producing cells (Figure 6.2A; scale bar = 50um). Incubation of normal human bronchial
epithelial (NHBE) cells cultured in ALI with physiologically relevant concentrations of
progesterone for 2 weeks resulted in a concentration-dependent increase in PAS-positive cells
and a decrease in PAS-negative cells, and these effects were restored to control levels by
mifepristone (Figure 6.2B). The increases in PAS-positive cells by progesterone were reflected
by increases in MUC5AC but not MUC5B mRNA expression when assessed by quantitative
PCR (Figure 6.2C). The significant increase in MUC5AC mRNA expression was confirmed by

an increase in MUCS5AC-positive cells by immunohistochemical staining (Figure 6.2D-E).
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Figure 6.2: Mifepristone attenuated progesterone-stimulated increase in PAS-positive cell
count in ALI cultures.

A) ALI cultures treated with ethanol vehicle (control), 10°'M progesterone and 107'M
progesterone + 10®M mifepristone were stained with periodic acid-schiff (PAS) in detecting
glycoprotein from mucus-producing cells. Sections were counterstained with H&E. Scale
bars=50um. B) Total apical cell count (white bar), PAS-negative (black bar) and PAS-positive
(hatchet bar) cells were normalized to the length of the epithelium in millimeters. Data were
representative of N=4 female donors. *p<0.05, ***p<0.001 compared between progesterone
treatments and vehicle control in PAS-negative cell count. ###p<0.001, ####p<0.0001 compared
between progesterone treatments and vehicle control in PAS-positive cell count. +++p<0.001
compared between 10”'M progesterone only and (10”'M progesterone + 10 M mifepristone). C)
ALI cultures treated with ethanol vehicle (control) and 10”"M progesterone were stained for
MUCS5AC protein in detecting goblet cells by immunohistochemistry. Sections were
counterstained with H&E. Images were representative of N=4 female donors. Scale bars=50um.
D) MUCS5AC-positive cell counts were expressed as a percentage of the total apical cell count on
the epithelium. E) MUC5AC mRNA expression was normalized with HPRT1 using real time
PCR. Data were expressed as mean = SEM from N=4 female donors with 3 biological replicates.
One-way ANOVA with Bonferroni's multiple comparisons test was used in panel B. Non-
parametric t-test was used in panel D and E.
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6.3.3 Progesterone increases nuclear factor of activated T- cell protein (NFAT)

To determine which transcription factor may be activated by progesterone in the
regulation of MUCS5AC expression, a protein transcription factor (TF) activation profiling array
was used to screen for activated TFs in nuclear protein extract of primary NHBE cells in
monolayer that were treated with 107M progesterone or vehicle control for 24h. Absolute and
fold change in luminescence of TF activation were showed in figure 6.3A-B. The dotted line
represented a threshold of a 2-fold increase in luminescence unit in TF activation after
progesterone stimulation with normalization to vehicle controls. Progesterone increased total
NFAT protein in the nuclear fraction of NHBE cells after 24h (Figure 6.3A-B). Following
stimulation of ALI cultures with 10”M progesterone for 2 weeks, we observed an increase in
NFATc2 mRNA, a decrease in NFATc4 mRNA, and no changes in NFATcl and NFATc3
MRNA expression compared to vehicle controls (Figure 6.4A). Immunohistochemical staining
for NFATc2 protein revealed no significant sex difference but were localized in the apical
compartment of the airway epithelium from both non-diseased male (n=5) and female (n=5) lung

donors (Figure 6.4B-D).
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Figure 6.3: Progesterone increases nuclear factor of activated T-cell protein (NFAT).

A) 107M progesterone treatment for 24h increased total activated NFAT protein in the nuclear

fraction of primary female NHBE cells. Data were expressed as A) absolute and B) relative fold
change in luminescence unit over vehicle control (N=2 female NHBE cell donors). Dotted line
statistical significance according to the

represents a minimal threshold (2 fold increase) for
manufacturer.
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Figure 6.4: Progesterone differentially increased NFATc2 mRNA expression in ALI
cultures.

NFAT (c1-c4) mRNA expression was normalized to HPRT1 in ethanol vehicle-treated (control)
A) ALI cultures. B) NFAT (c1-c4) mRNA expression was normalized to HPRT1 in ALI cultures
treated with ethanol vehicle (control) or 107M progesterone for 2 weeks. Values were expressed
as mean + SEM from N=4 female donors. NFATc2 protein was expressed in the airway
epithelium of human C) male and D) female lung tissue sections with quantification of total
NFATc2 protein expressed as percentage of the cross-sectional area of the epithelium in panel E.

Non-parametric t-test was used in panel B and E.
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6.3.4 Progesterone differentially increased NFATc2 mRNA in 1HAE cells

To investigate whether NFATc2 plays any role in progesterone-stimulated MUC5AC
expression, we silenced NFATc2 using siRNA in 1HAE, cell line to ensure uniform gene
silencing. To elucidate the kinetic response of progesterone on the transcription of NFATc2, we
showed a transient and differential increase in NFATc2 at 4h but not NFATc1, c3 or c4 mRNA

expression (Figure 6.5A-D).

6.3.5 NFATc2 siRNA blunted progesterone-induced increase in MUC5AC mRNA

To confirm whether NFATc2 is involved in the regulation of MUC5AC mRNA
expression, 1HAE, cells were pre-treated with NFATc2 siRNA (siNFATc2) for 48h followed by
10”'M progesterone stimulation. We confirmed that siNFATc2 selectively attenuated NFATc2
but not NFATcl, c3 or c4 mRNA expression (Figure 6.6A). Treatment of 1HAE, cells with
progesterone alone for 4h, or scramble control siRNA (siCon) + progesterone increased NFATc2
mMRNA by 1.5+0.2 and 1.6+0.3 folds over vehicle controls, respectively (Figure 6.6B). The use
of siNFATc2 significantly attenuated progesterone-induced increase in NFATc2 mRNA
expression. Treatment of 1HAE, cells with progesterone alone for 24h, or siCon + progesterone
increased MUC5AC mRNA by 1.6+£0.2 and 1.9+0.1 folds over control, respectively (Figure
6.6C). The use of siNFATc2 significantly attenuated progesterone-induced increase in MUC5AC
MRNA expression. Primer specificities for NFATc1-c4, MUC5B and MUC5AC were confirmed
by the presence of single DNA product in 1.1% agarose gel (Figure 6.6D). Collectively, we
demonstrated that NFATc2 may be a novel regulator of progesterone-stimulated increase in

MUCS5AC expression.
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Figure 6.5: Progesterone stimulation transiently and differentially increased NFATc2
MRNA expression in 1HAE cells.

Kinetic responses of a single dose of 10”M progesterone at time Oh on A) NFATc1, B) NFATc2,
C) NFATc3 and D) NFATc4 mRNA expression over time were shown. All 4 genes were
measured from the same sample and values were expressed as mean + SEM from 3 independent
experimental replicates in 1HAE, cells. *p<0.05, **p<0.01 compared with vehicle controls.
Two-way ANOVA with Bonferroni's multiple comparisons tests were used in all analyses.
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MUCS5AC mRNA expression.

A) NFATc2 mRNA expression were increased with 107M progesterone (P) and (siCon+P)
stimulation, but was attenuated with (SINFATc2+P) treatment at 4h. B) MUC5AC mRNA
expression were increased with 107M P and (siCon+P), but was attenuated with (SINFATc2+P)
treatment. C) SiNFATc2 attenuated NFATc2 but not NFATc1, c3 or c4 mRNA expression
compared to control siRNA (siCon) treatment. D) NFATc1-c4, MUC5B and MUCS5AC primer
specificities were confirmed in a DNA gel with single product. A 100bp DNA ladder was
indicated. Values were expressed as mean £ SEM from 3 experimental replicates in IHAE, cells.
One-way ANOVA with Bonferroni's multiple comparisons test was used in panels A and B.
Non-parametric t-test was used in panel C.
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6.4 Discussion

The effect of sex steroids on the airway epithelium is largely unexplored relative to
current knowledge in other non-reproductive organs such as the brain, heart and the systemic
vasculature [9, 10]. In this present study, we demonstrated that inhibition of the progesterone
receptor with mifepristone attenuated progesterone-stimulated increase in PAS-positive cells in
NHBE cells cultured in ALI. The corresponding increase in PAS-positive cells was associated
with an increase in MUC5AC but not MUC5B mRNA expression. Gene silencing siNFATc2
treatment revealed that progesterone regulates MUCSAC gene expression through the
transcription factor NFATc2.

Progesterone has been recognized as the second major female sex hormone that is
involved in important physiological changes associated with embryogenesis, menstrual cycle and
pregnancy [10]. Despite large epidemiologic studies showing that women may be more
vulnerable to chronic lung diseases such as asthma, COPD and cystic fibrosis, very few studies
have examined the biological effects of sex steroids in normal and diseased airways [10]. One
important pathologic link to these conditions is mucus hypersecretion with plugging of the
airways, leading to increased morbidity and mortality [25]. In this study, we used a cell culture
model raised in air liquid interface, which has been widely used for the study of mucociliary
clearance and barrier functions [239, 240]. ALI culture is a pseudostratified epithelium that
consists of ciliated cells, goblet cells and basal cells [241]. Progesterone receptors were
expressed in the cytoplasm of ciliated cells in the human airway epithelium of resected lung
donors and in ALI cultures [242]. Jain and colleagues have showed that mifepristone, a
progesterone receptor antagonist, prevented progesterone-induced decrease in ciliary beat

frequency, whereas estrogen can also prevent this effect, suggesting a natural opposing
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interaction of female sex hormones on the airway epithelium [242]. In this study, we showed that
mifepristone attenuated progesterone-induced increase in MUC5AC protein expression, which is
an indicator of goblet cells. There was a shift from a predominant PAS-negative cell population
to PAS-positive cell predominance after two weeks of progesterone treatment, and this effect
was attenuated by the use of mifepristone. The origin of progesterone-induced increase in PAS-
positive cells is unknown. However, Tyner and colleagues revealed that goblet cells were
derived from ciliated-cell lineage [243]. A similar study demonstrated that IL13 induces ciliated-
cell differentiation into secretory cells via downregulation of actin-binding protein ezrin [244].
Collectively, although data suggest that progesterone-stimulated decrease in ciliary beat
frequency and increase in MUCS5AC protein synthesis may overwhelm the mucociliary clearance
function in ALI cultures, the precise physiologic effect of mucociliary clearance with respect to
the oscillating concentrations of estradiol and progesterone in-vivo, and their receptor
interactions over the menstrual cycle is complex and incompletely known.

To determine a potential transcriptional regulator by which progesterone increases
MUCSAC protein expression, we showed that total NFAT protein was increased in the nuclear
fraction of NHBE cells. The luminescence signal from the protein transcription factor array
essentially reflected the amount of activated NFAT protein binding on the NFAT response
elements. Translocation of activated NFAT protein into the nucleus requires calcium-dependent
activation of calcinerin, which is a phosphatase that activates NFAT protein in the cytosol via a
dephosphorylation mechanism [245]. In this study, we showed that progesterone transiently and
differentially induced NFATc2 in 1HAE, cells, which peaked at 4h. Similarly, Lee and

colleagues also showed that the transcriptional activity of an NFAT promoter-luciferase
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construct was transiently peaked at 4h after platelet-derived growth factor (PDGF) stimulation,
which was abolished with cyclosporin A, an inhibitor of calcineurin activity [246].

To bridge the connection between NFATc2 and MUCS5AC, we showed that silencing
NFATc2 mRNA using siNFATc2 blunted progesterone-stimulated increase in MUC5AC mRNA
expression, suggesting that NFATc2 may be a potent regulator of MUCS5AC. It is not known
whether there is an NFAT-specific response element on the promoter of MUC5AC gene.
However, it is known that the human MUCS5AC gene consists of DNA binding response
elements for the binding of transcription factors including nuclear factor kappa-light-chain-
enhancer of activated B cells (NFkB), Forkhead box protein A2 (FOXA2), activating protein 1
(AP1), specificity protein (SP1) and cyclic AMP response element binding (CREB) protein [60].
All protein from the NFAT family have unusually similar DNA-binding motive as the NFkB/Rel
family [245]. NFATc2 protein dimers have been shown to bind on kB sites of the human IL-8
and HIV-1 LTR promoter regions [247, 248]. The identification of a putative NFkB binding site
on the promoter of human MUC5AC gene [249] is a predicted binding site for NFATc2.
Collectively, these data showed that estrogen receptor and progesterone receptor activation
differentially increased NFATcl and NFATc2 mRNA expression, respectively; both of which
can individually increase MUCS5AC protein expression in the human bronchial epithelium.

It is important to note several limitations in our study. First, we used constant physiologic
concentrations of progesterone throughout the experiment, rather than allowing the cells to
experience the fluctuating concentrations that truly reflects the menstrual cycle. Second, there is
a lack of a commercially available progesterone receptor-specific inhibitor (PR-A vs. PR-B).
Although mifepristone is a proven antagonist in both progesterone receptor and glucocorticoid

receptor (GR) [250], there may be minor off-target effects in our culture model that could not be
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fully accounted for in our analysis. Finally, total mucins and water content are important factors
in determining the overall viscoelastic property of mucus and mucociliary clearance in the
airways. We have not determined whether progesterone plays any role in water transport and
overall mucus rheology because our main objective was to determine the transcriptional
regulation of MUCS5AC in the bronchial epithelium. Notwithstanding these limitations, our study
demonstrated a novel mechanism by which progesterone modulates mucus expression, which
may partially explain the contribution of female sex hormones on mucus production in the

human bronchial epithelium.
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Chapter 7: Conclusion

Emerging clinical studies revealed that women may be biologically more susceptible to
the toxic effects from cigarette smoke, and have proposed that circulating female sex hormones,
estrogen in particular, may play an important role in these processes [7-10]. Women with severe
COPD have thickened airway walls, and narrowed luminal area than men [12]. In a large meta-
analysis, female smokers also experienced an accelerated decline in lung function compared to
male smokers after 45 years of age [13, 14]. However, the biological mechanisms associated
with these changes are unknown. Here, we selected C57BL/6 mice as a model of COPD because
we have repeatedly demonstrated emphysema and small airway remodelling after 6 months of
smoke exposure [41, 42, 44]. In chapter 2 and 3, we showed that female C57BL/6 mice have
histological evidence of increased small airway remodelling and functional evidence of increased
distal airway resistance than male mice after 6 months of smoke exposure, and ovariectomy
attenuated these effects. In chapter 4, we have proposed that these observations may be derived
from an increase in lung oxidative stress. An increase in airway-specific superoxide expression
and Nox4 mRNA expression was accompanied by a reduction in Nrf2 mRNA expression and
antioxidant capacity in the lungs of female mice. Wang and colleagues have showed that
cigarette smoke exposure directly oxidizes the latency-associated peptide (LAP) of TGFB1 by
oxidizing cysteine or methionine residues, causing the active form of TGFB1 protein to be
released into in vitro and rat tracheal explants [149, 212]. Using an in vivo mouse model of
COPD, we showed that 6 months of smoke exposure liberated the release of active TGFB in
whole lung homogenates and in airway-specific tissues of female but not in male mice. Products
downstream of TGFp activation including Nox4 and asma mRNA expression, and total collagen

expression were disproportionately increased in female but not in male mice. Interestingly,
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ovariectomy at maturity attenuated all of these changes after chronic smoke exposure compared
to ovary-intact mice, suggesting the contribution of female sex hormones on the modulation of
lung-specific antioxidant capacity in response to the cigarette smoke. Furthermore, as a
therapeutic intervention, subcutaneous implantation of tamoxifen attenuated the excess smoke-
induced increase in Cyplal, Nox3 and Nox4 mRNA expression in the airways of female than
male mice, suggesting that estrogen may be involved in these biological processes. Our data is in
agreement with clinical findings where female smokers have increased level of Cyplal
expression than male smokers. However, we must be cautious of this interpretation because these
mice were only exposed to sub-chronic duration of smoke exposure for 1 month and the
antioxidant gene responses were all blunted in female mice after 6 months of smoke exposure.
Although this may seem to be conflicting, it may simply reflect the kinetics of a duration-
dependent smoke response on the regulation of antioxidant genes in the airways. In support with
this hypothesis, Malhotra and colleagues showed that advanced COPD patients have decreased
Nrf2-regulated Nqol, glutamate-cysteine ligase, modifier subunit (GCLM) and Hmox1 mRNA
expression in the lungs, which were associated with a decrease in glutathione and an increase in
thiobarbituric acid-reactive substance (TBARS) compared to non-COPD subjects [251]. To
detect phenotypic and functional changes, further studies are required to show whether
tamoxifen can attenuate chronic smoke-induced increase in airway remodelling and distal airway
resistance in female mice over 6 months. Collectively, our data demonstrated a sexual
dimorphism in smoke-induced airway remodelling that is in agreement with clinical observations
discussed earlier, and a potential link between oxidative stress and airway remodelling. Nox4
inhibitors and sulforaphane (Nrf2 activator) have been identified and are currently in clinical trial

for COPD [252].
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As we have identified that smoke exposure did not affect goblet cell productions on the
distal airway epithelium, the effect of sex hormones on mucus expression in a mouse model of
COPD could not be explored. Therefore, we used an air liquid interface (ALI) cell culture model
to explore the effects of estrogen and progesterone on mucus synthesis in normal human
bronchial epithelial cells. Choi and colleagues showed that estrogen increased MUC5B
expression in human nasal epithelial cells in ALI culture via non-genomic activation CREB
signalling [240]. In chapter 5, we showed that two weeks of estrogen treatment on ALI cultures
increased the number of PAS-positive cells via ERpB activation. Interesting, ERB stimulation
transiently and differentially increased NFATcl but not the other isoforms of NFAT genes.
Treatment with NFATcl siRNA attenuated estrogen-induced increased in MUC5AC mRNA
expression at the transcriptional level in 1HAE, cells. Next we showed that physiologic
progesterone concentration also increased PAS-positive cells via PR-A/B activation. Interesting,
unlike ERB, PR-A/B stimulation transiently and differentially increased NFATc2 but not the
other isoforms of NFAT genes. Treatment with NFATc2 siRNA also attenuated progesterone-
induced increased in MUC5AC mRNA in 1HAE, cells. Collectively, these data suggest that
estradiol or progesterone stimulation uniquely activates its own downstream target; however, the
exact biochemistry in these processes requires further studies. It is interesting that Fonseca and
colleagues showed that mice deficient in NFATc2 attenuated ovalbumin-induced increase in
mucus cells in the central airways, suggesting potential link between NFATc2 and mucus

expression.

7.1 Limitations and strengths of the studies
The strength of this study is that we have a mouse model of COPD that recapitulated two

of three important phenotypes of COPD using mainstream cigarette smoke. We are able to
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provide a histologic evidence of small airway remodelling and emphysema, and coupling these
with lung mechanics. Our data is congruent with clinical evidence that women with severe
COPD have thicker airway walls and narrowed airway lumens than men. Morissette and
colleagues have shown translational potential of animal models by demonstrating similar genes,
pathways and biological functions affected by cigarette smoke in the lungs of mice and human
[38]. However, it is important to note that smoke-induced emphysema requires at least 6 months
in mice and is less severe than those observed in human, which takes many years for this process
to occur. Although the use of specific genetic deficiencies such as ERa or ERB may be more
attractive in determining the specific sex hormone receptor contributions on chronic smoke-
induced lung abnormalities, development abnormalities resulting in improper formation of
alveoli and reduced elastic recoil properties have been shown in ERa or ERp knockout mice. The
confounding effect arising from developmental alterations may significantly impact lung
function measurements and the interpretation of the data. In our study, ovariectomy and
therapeutic administration of tamoxifen in mice more closely resemble the natural biological

system.

7.2 Future directions

Owing largely to the overwhelming amount of reactive oxygen species (10™*°) per puff of
cigarette smoke, it is inevitable that there is build-up of oxidative stress in the lungs of smokers
with COPD. An increase in oxidative stress has been proposed to be associated with small
airway remodelling. Interesting, we showed that female mice are more susceptible to chronic
smoke-induced airway remodelling and this largely affected by estrogen receptor-mediated
disruption of antioxidant capacity and TGFp-mediated activation. To further strength the

argument whether estrogen is a major culprit for the excess build-up of oxidative and airway
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remodelling, therapeutic administration of estrogen in ovariectomized mice at pharmacologic
doses is required in chronically smoke-exposed female and male mice. Even if data can support
that estrogen is likely involved in this sex-related differences, it is almost impossible to
administer female smokers with tamoxifen or other estrogen receptor-antagonizing drugs, given
the counter-intuitive argument on therapy without symptoms early on in their fertile smoking
years. However, it is possible, despite difficulty with recruitment of subjects, to determine the
longitudinal effects of tamoxifen on oxidative stress and airway remodelling in female smokers
who are on tamoxifen therapy.

Alternatively, other downstream therapeutic target such as Nrf2 protein in the airway
epithelium may be an attractive target in the resolution of chronic smoke-induced increase in
emphysema and airway remodelling. Malhotra and colleagues showed that advanced COPD
patients have reduced Nrf2-regulated antioxidants, which are associated with a decrease in
glutathione and an increase in lipid peroxidation in the lungs [251]. Furthermore, these Nrf2-
regulated antioxidant mMRNA expressions were positively associated with FEV1/FVC.
Rangasamy and colleagues showed that genetic ablation of Nrf2 exacerbates smoke-induced
emphysema in mice, which is accompanied by increased cell death and oxidative stress in Type
Il alveolar epithelial cells in parenchymal tissues [185]. Collectively, these data provide
compelling evidence that Nrf2 activation may be able to reverse chronic smoke-induced

emphysema and airway remodelling in female C57BL/6 mice.
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Appendix 1: Effects of estradiol on fucosyltransferase mRNA expression in ALI cultures.

10M estradiol (black bars) increased FUT-4, -5 and -6 mRNA expression compared with
vehicle control (white bars). Data are expressed as A) absolute change in C; value normalized to
HPRT1 and B) fold increase in mRNA expression over vehicle control normalized using
HPRT1. Total fucose sugar residues in the cytoplasmic protein fractions of ALI cultures were
determined by lectin binding assays. Fucose residues were significantly increased with 10”'M
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estradiol using fucose binding lectins, C-D) AAA, E-F) LTA and G-H) UEA-1. D, F, and H are
densitometric quantifications of C, E, and G, respectively. The intensity of all bands in each lane
in detecting total fucose residues were quantified using the software program Image J and
normalized to total protein loaded per lane in milligrams. Data is expressed as fold increase over
vehicle control. Values shown are mean £ SEM of experiments performed with N=4 donors. *
P<0.05, ** P<0.01 compared against vehicle control. Non-parametric t-tests were used in all
statistical analyses.
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Appendix 2: Effects of estradiol on cell proliferation and apoptosis in ALI cultures.

A) Cell proliferation in ALI cultures was assessed by Ki-67 staining. B) Estradiol enhanced
Ki67-positive cell staining in the basal epithelium. C) Quantification of % apoptotic cells by cell
counting in ALI cultures counter-stained with methyl green for nuclei. Images are representative
of 4 different donors. **P<0.01 represents statistical significance compared against control using
non-parametric t-test in B. One-way ANOVA with Bonferroni's multiple comparisons test was
used in C.
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